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A series of sulfonated polystyrene-layered double hydroxide (PSS-LOH) nanocomposites 
have been prepared and characterized, in order to analyze structure-property relationships 
of polymer-LOH composites, based on differences in charge density and molecular 
weight of the macromolecule. Ultimately, understanding of these relationships will be 
used as a tool to achieve target properties for a specific application, namely drug delivery. 
In this study, sulfonated polystyrene is a random copolymer composed of various 
fractions (or percentages) of both polystyrene and sulfonated polystyrene units. Varying 
the structure of PSS and the preparation method of the PSS-LDH nanocomposites is 
useful for influencing crystallinity; and controlling particle size, d-spacing, binding 
strength and the drug release rate of the nanocomposites. X-Ray diffraction 
crystallographic measurements indicate that for polystyrene with sulfonation levels less 
than 13% and molecular weight higher than 8xl 03 gmol"1, adsorption of the 
macromolecule occurs at the surface of the LDHs, resulting in a reduction in stability as 
determined by thermogravimetric analysis and NMR spectroscopy. However, at a 
minimum of approximately 13% sulfonation of8x103 gmor1 polystyrene, polymer-LOH 
interactions become more favorable relative to the properties exhibited by pristine LOH. 
These properties include small particle size measured by dynamic light scattering, higher 
thermal stability and an increase in charge transfer between PSS and LDH. Drug release 
studies from the optimal PSS/PEG-LDH composite with model drug Rhodamine B base 
(RhBB) are promising and illustrate a slow and multiphasic release mechanism at the 
physiological pH of blood. Therefore, PSS-LDH nanocomposites composed oflower 
molecular weight polystyrene, at higher levels of sulfonation and end sulfonated PEG, are 
excellent materials for preparing water-soluble drug delivery systems. We have also 
determined that 
1
H NMR spectroscopy can be used as a tool to quickly predict the 
sequence of d-spacing, crystallinity and stability in a polymer-LOH sample set. The 
nanocomposites are currently being fabricated using folic acid conjugated PEG for 
targeted drug delivery in vitro. 
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1.1 General Introduction 
CHAPTER I 
INTRODUCTION 
For centuries, scientists have been searching for the most effective therapy to treat 
various forms of cancer. The earliest documented reports were in 1882 when the first 
mastectomy was performed for breast cancer.1 Since then, numerous forms of treatment 
including surgery, radiation, and chemotherapy have been employed.2 Radiation therapy 
uses high energy radiation to kill cancer cells by damaging their DNA. Chemotherapy, 
on the other hand, uses drugs to stop or slow the growth of cancer cells, which grow and 
divide quickly. Like most treatment methods, the former and latter mentioned therapies 
can harm healthy cells during application to infected areas. Damage to healthy cells 
cause side effects which may include bleeding complications, excessive pain or changes 
in memory and/or nerves. Ultimately, researchers and patients agree that the next 
generation of cancer therapies should be safer, more cost effective, have higher efficacy 
and be non-invasive. As a result, in the last century carrier therapies, e.g. cellular drug 
delivery systems,3 have become of great interest to many biomedical researchers. 
Drug delivery systems have taken on new responsibilities that are foreign to its 
predecessors (mentioned above) which use traditional treatment methods. The platform 
for drug delivery systems asserts the potential to improve bioavailability by 
2 
preventing premature degradation and enhancing cellular uptake, maintain drug 
concentration by controlling the drug release rate, and reduce side effects by targeting the 
disease site at infected cells.4•5 To support our understanding of the fundamental bio-
interactions, of the carriers used for delivery of drugs to target sites, it is beneficial to 
conceptualize generic scenarios. First proposed by Rolland6 in 1999, and later validated 
by Xu et al, 7 in a 2006 review of inorganic cellular delivery nanoparticles, figure 1 
simplifies the complex delivery process. Encapsulating bioactive molecules and drugs in 
a delivery vehicle aids in transportation of the bio-compounds across the cellular 
membrane. These compounds must abide by stringent requirements including good 
biocompatibility, site specificity, strong affinity between the carrier and biomolecule, etc. 












Figure I.I Schematic representation of surface-functionalization of inorganic nanoparticles and the loading 
of biomolecules (I); possible interaction models ofnanohybrids with cell membrane (11); and possible 
endocytosis pathways (Ill); A: inorganic nanoparticle; B: organically modified inorganic nanoparticle; C: 
nanohybrid with DNA loaded; D: nanohybrid-cell electrostatic attraction; E: cell recognition of nanohybrid 
via 'Y' and 'V' interconnection between the loaded protein and membrane protein; F: defonnation of cell 
membrane to take up the nanohybrid; G: nanohybrid endocytosed into cell; H: nanohybrid-endosome 
breaking down; I: DNA released after endosomal breaking. Step 1: functionalization (modification); 2: 
loading of DNA; 3: receptor-mediated or non-receptor-mediated endocytosis; 4: proton-sponge effect to 
break down the endosome; 5: releasing DNA. 
1.2 Statement of the Problem 
Current treatment methods have harsh side effects, lack efficacy, are expensive, and are 
limited by lack of compatibility. Most of these treatments isolate and/or treat organs or 
tissues affected by tumor growth rather than the specific cells involved. Thus, both 
healthy and unhealthy cells are impacted by the therapy employed. It is the mistreatments 
of the healthy cells that typically cause the unwanted side effects. In addition, lack of 
targeting specific cell types reduces the probability of inhibiting most or, in some cases, 
all of those infected. Thus, the treatments' performance is reduced. Though common 
treatments such as radiation, surgery, and biomolecular delivery agents have had some 
success in treating mild cancer cases, on the contrary, they are expensive, lack diversity 
and/or pose risks. The initial costs for instruments and continuous use of radiation is 
neither safe nor energy efficient. The highest expenses in surgery are attributed to the 
team of doctors and medical assistants required for each appointment. In some cases, 
multiple appointments are necessary to halt metastasis or benign tumor growth. Surgery 
also raises risks for infection. 
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Biomolecular delivery agents require modification of viral and non-viral species 
including lipids. These agents effectively deliver DNA and gene materials, yet lack the 
compatibility to deliver many synthetic inhibitors. In general, viral agents, in cellular 
delivery, are limited by unfavorable effects including immune response and insertional 
mutagenesis (table 1.1 ). Therefore, their potential as diverse delivery agents, carrying a 
4 
5 
variety of synthetic and natural compounds, for different cancers is not practical. 
Inorganic delivery vehicles have been studied as an alternative. Inorganic nanoparticles, 
which are nonviral agents, have been studied for their wide availability, rich surface 
functionality, good biocompatibility, potential capability of target delivery, and 
controlled release of the drug. However, to date, cellular transfer efficiency with existing 
inorganic nanoparticles, including layered double hydroxide (LOH) nanomaterials, is 
relatively low due to lack of solubility. Studying structure-property relationships of 
inorganic nanocarriers is necessary to optimize the next generation of efficient drug 
delivery vehicles. 
1.3 Thesis Aim 
The ultimate goal in drug delivery is to produce a biocompatible agent capable of 
delivering a variety of compounds to its target site effectively and safely. Thus, the 
overall goal of my doctoral studies is to investigate structure-property relationships of 
polymer-LOH nanocomposites (NCs) for potential development of a functional water-
soluble LOH/organic polymer hybrid nanoparticle for cancer therapeutic applications in 
vivo. This study was accomplished by preparing a series of LOH/polymer 
nanocomposites containing sulfonated polystyrene (PSS) and polyethylene glycol 
sulfonate (sPEG). Copolymers consisting of a random orientation of polystyrene (PS) and 
sulfonated polystyrene (PSS) at variable fractions (percent sulfonation) were used to 
study changes in crystallite structure and resulting physicochemical properties. In 
addition, the purpose of PSS copolymer for drug delivery applications was to anchor and 
6 
retain neutral drugs between LDH layers. Poly(ethylene glycol) was terminated also with 
sulfonic acid (sPEG). Following, it was conjugated onto the PSS-LDH nanocomposites 
as a means to induce water solubility of the nanohybrid vehicle. The terminally ionic 
sPEG contributes to the nanocomposite solubility due to its position and orientation, 
which is hypothesized to protrude outside the LDH. In the nanocomposites, the 
sulfonated polystyrene copolymer and PEG were ion-exchanged on the surface or edges 
of the LDH. After the ideal nanocomposites were identified, drug release studies were 
undertaken. 
CHAPTER II 
CLAY BASED POLYMER NANOCOMPOSITES 
2.1 Components in Polymer-Clay Nanocomposites 
A vastly growing field in STEM research is the study of solid multiphase 
materials formed via the combination of substances with different structural, physical and 
chemical properties, known as composite materials. Composites provide an advantage 
over single phase materials in that they can add or assist in enhancing the properties of 
the matrix. This may include changes in weight, strength, stiffitess, permeability, 
electrical behavior, biodegradability and optical properties that are difficult to attain 
separately by individual components. Composites consist of a continuous phase called the 
matrix and a dispersed phase known as the filler material. They are classified based on 
two sub categories: component interactions and matrix type. Relative to interactions, 
these materials are classified as mixtures, hybrids or nanocomposites. There interactions 
range from bulk to micro and nano, respectively. Based on the matrix phase, composites 
are divided most commonly into polymeric, metallic and ceramic composites. An 
emerging subdivision is clay composites in which the matrix is inorganic clay and the 
'filler' is organic or ceramic material. 
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2.1.1 Layered Hydroxide Clays 
In the past few decades, there has been an increase in the number of inorganic 
nanoparticles studied as drug delivery carriers due to their versatile physicochemical 
properties.8•12 Success of developing nonviral delivery systems is attributed to inorganic 
nanoparticles possessing suitable properties, including wide availability, rich 
functionality, good compatibility, potential capability of target delivery and controlled 
release of carried drugs. The various types of materials studied have been gold, carbon 
nanotubes (CNT), fullerenes, oxides (SiO2 and Fe3O4), and layered double hydroxides 
(LDH). While each of these particles possess some ideal qualities for cellular delivery, 
including sufficient nano size for cellular uptake (ranging from 1-200nm), ability to be 
functionalized, decent zeta potential (ranging from 5-50mV), and low cytotoxicity 
(ranging from 0.05-2.0mg/mL), all but one of them indirectly decreases cell viability13• 
Since none of these nanoparticles are highly biocompatible, excluding LDH, they tend to 
build up in the cell as if a bomb waiting to explode. LDH is the most unique of current 
nanoparticles being studied. Unlike other inorganic nanoparticles, LDHs are good 
candidates as nanocarriers for a variety of applications, namely drug delivery, due to its 
controllable small size, two-dimensional structure, low toxicity and biodegradability 
(table 2.1 ). 
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Table 2.1 Comparison in properties of various inorganic nanoparticles. Modified from reference14 
T~-pe Si2f (nm) Shape Funtional group AMhoring group Zeta potential (m\) C)toto:i:ldty (mg/mL) Diode gradation Fate 
Gold HOO Sphericah'oo Au HS-R ., 0.05 Ko A. C. or ~I 
CNT < 10 Tul:ular C·COOH NH2-R >0.05 Xo A. C. or :,.1 
C60.70.80 - I Sjilerical C·COOH NH2-R - 500 Xo A. C. or ~I 
LOH 30.200 Sheet ~!-OH ' RCOO· 20-50 - I Yes Dissoll'ed 
Si02 5-100 Sjilerical Si-OH RO.Si- 7- 31 >I Xo A.C.or:-.1 
Fe30-l < SO S(berical Fe-OH RO-Si- 6-20 0.5-2.0 Xo A. C. or :,.1 
• LDH nanoparticles do not need modification for cellular delivery. Bui for some targeted delivery, peptides or proteins can bind onto 
the surface via electrostatically anchored RCOO-
A means accumulation; C means circulations; M means metabolization. 
2.2 Polymer-LOH Nanocomposites 
2.2.1 Structure 
LDHs are layered anionic clays, which can be found in nature or readily synthesized. The 
most common naturally occurring LDH is hydrotalcite, having the formula 
Mg~h(OH)16C03• 4H20. Therefore LDHs are also known as hydrotalcite-like 
compounds15·16. LDHs can easily be synthesized in the laboratory to have high chemical 
purity, structural homogeneity and tunable chemical properties17. These materials have 
found previous applications in the fields of catalysts, catalyst precursors, anion 
absorption and environmental remediation18, but currently shows itself promising in 
biomedical applications. The anion-exchanging particles of general formula [M2+ 1.xM
3+ x 
(OH)2t+(An•)x1n * mH20, contain M2+ divalent cations (Mg, Zn, Ni, Co, and Fe), M3+ 
trivalent cations (Al, Fe, and Cr), and An- exchangeable anions (including, er, so/·, 
various organic and complex anions). Not only are LDH materials susceptible to divalent 
and trivalent cations, but extended to monovalent M1 and tetravalent M1v cations19·21 . 
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Structurally, LDHs are comprised of brucite-like layers, Mg(OH)2. In each layer, each 
Mg2+ is octahedrally surrounded by six OH" ions and the different octahedral shared 
edges form a 2D layer.13•14•22 When M2+ is substituted by M3\ a net positive charge 
([M2\.xM3+x(OH)2t +) follows. However, it is balanced by the interlayer exchangeable 
anions [(A n°)x1n] resulting in a neutral compound. The interlayer region of the LDH 
contains various amounts of water (mH20), bonded to the hydroxide layers and/or to the 
interlayer anions via electrostatic interactions and hydrogen bonding. 
a b C 
"" ~t~5M· •• o 2SAl k• 
o 1,sco,.• o ~t1, u 
o 7~M,cr• o 25-1\I '-• 
- o,, 
Figure 2.1 Schematic diagrams for (a) brucite lattice; (b) hydrotalcite lattice; and (c) atom composition. 
Taken from ref.23 
There are two main polytype stacking sequences of metal-hydroxyl sheets, which include 
rhombohedral and hexagonal.19 While hydrotalcite adopts the rhombohedral sequence, 
denoted as 3R, other variations of Mg-Al layered hydroxides are known to produce 
hexagonal 2H sequences when prepared at temperatures greater than 65°C. 24.25 
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Ultimately, it is the nature of M2\ M3+, A"· and the value of x and m that determine the 
properties ofLDHs and influence potential applications. 
The metal cations typically used to prepare layered double hydroxides have ionic radii 
near that of Mg2+ at 0.65A. This is due to the space confinement resulting from the close 
packed configuration of the octahedral units in the brucite layer. These metals include 
several alkaline earth metals, transition metals and basic metals (table 2.2). Atoms such 
as Be2+, Ca2+ and Cd2+ are either too small or too large to be accommodated in the six-
hydroxyl octahedral. 
Table 2.2 Ionic radii of selected divalent and trivalent cations 
M2+ Radius M3+ Radius 
(A) (A) 
Be 0.30 Al 0.50 
Mg 0.65 Ga 0.62 
Cu 0.69 Ni 0.62 
Ni 0.72 Co 0.63 
Co 0.74 Fe 0.64 
Zn 0.74 Mn 0.66 
Fe 0.76 Cr 0.69 
Mn 0.80 V 0.74 
Cd 0.97 Ti 0.76 
Ca 0.98 In 0.81 
The x value for LDH compounds has been studied for a variety of different ratios 
between OJ and 0.5, where [M2+/M3+ = (1-x)/x]. Many investigations show that pure 
LDHs are typically formed for 0.2~~0.33. Values ofx that fall beyond this range result 
in clustering of the similar cations. As the LDHs are formed, M2+ -hydroxide or M3+ -
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hydroxide phases segregate out as well as other compounds with different structures. 26).7 
Repulsive electrostatic forces amongst neighboring positive charges require that At3+ ions 
be distant from each other in the brucite-like sheet. Large x values result in an abundance 
of neighboring At3+ octahedra and subsequently form Al(OH)3. At minimal x, there is a 
high density ofMg2+ octahedra, similarly, forming Mg(OH)2• Thompson et al
28 found 
that when x is too small, the concentration of the interlayer anion is not sufficient enough 
to separate the brucite-like layers. Thus, hydroxide layers that contain interlayer anions 
undergo interstratification with those that lack anions. 
In general, the purpose of interlayer anions is to balance the positive charge held by the 
brucite-like layers. Research efforts have found, however, that these ionic molecules can 
be varied in order to alter LOH properties including interlayer distance, crystallite size, 
surface acid/base properties, solubility, etc. There are two restrictions associated with the 
nature of the anions in the hydrotalcite-like compounds. The first is the weak interaction 
formed with the cationic character of the layers. This property has been heavily exploited 
by controlling its ability to readily exchange interlayer anions, thus, controlling the 
materials properties and potentially developing a wide range of chemical compositions. 
The concentration of anion present or exchanged is most influenced by the charge density 
of the brucite-Iike sheet (ratio ofM3J, charge density of the anion and particle size of the 
anion. The distribution, packing and orientation of anions in the interlayer region are also 
influenced by the charge density of each layer and the physical and chemical properties 
of the anion. Researchers have successfully exchanged inorganic anions,29•30 organic 
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anions,31·32 complex ions33·34 and a variety of layered compounds. 19•35 However, the 
clay's high affinity for the carbonate ion makes it highly sensitive to CO2 contamination 
in air and can restrict exchange of different anions when present. 
During the synthesis of LDH compounds, water molecules are incorporated within the 
interlayer space by hydrogen bonding with OH- groups in the lattice, with co/- anions 
which are also in the interlayer space or with other water molecules. Because of the 
various orientations allowed, accumulation of H2O can influence an increase in c' (the 
sum of the thickness of a brucite-like sheet and the interlayer distance). While on the 
other hand, an increase inc' caused by anionic exchange can encourage an increase in the 
accumulation ofH2O molecules. In Miyata et al's study of the structure and 
physicochemical properties ofMgAl, ZnAl and NiAl hydrotalcite-like compounds, it was 
found that in cases with larger interlayer distance, more water accumulates by forming 
two or three layers.36 Interestingly, when H2O associates with anions such as so/- and 
CIO4-, at conditions ofrelative humidity higher than 50%, the c' value increases from 8.9 
and 9.2A to 10.8 and 11.7 A, respectively.37·38 The amount of water, m, is usually 
determined using weightloss calculations derived from thermogravimetric analysis. 
However, it is difficult to evaluate due to the following reasons: 
A) Water can be partially lost at values up to 100°C 
B) LDHs absorb substantial amounts of residual water on its surface, the 
concentration increases with poor crystallinity; 
C) Poor crystallinity also increases overlapping of dehydration and 
dehydroxylation weightloss trends. 
2.2.2 Synthesis Methods 
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LDHs have been prepared using a variety of different methods including sol-gel 
preparation,39 oxidation,40 electrochemical synthesis,41 microwave assisted synthesis,42 
etc. However, methods including coprecipitation, anion exchange and hydrothermal 
treatment are used most often due to their compatibility with different compounds, 
simplicity to conduct and ease of controlling the reaction. Properties such as 
crystallinity, particle size, porosity, morphology, etc. are generally affected by the 
method chosen. Anion exchange is conducted by direct intercalation, templating, in situ 
polymerization or restacking. 
In general, LDHs are more thermodynamically favorable than separate metal hydroxides 
under normal synthesis conditions. However, depending on the method, slight changes 
must be made in order to drive the reaction to form these compounds in high yield. 
When coprecipitating two or more cations, the aqueous solution must be supersaturated 
with the agent used to induce precipitation of the final product. Most commonly, the pH 
is maintained at a value greater than or equal to the pH at which the more soluble 
hydroxide precipitates. For a given M2+(0H)2, the lower the solubility, the lower the pH 
required to form the LOH. The pH value for most reported LDHs is in the range of8-10. 
The three different methods of coprecipitation are 
1. Variable pH: titration of the mixed salt solution with base stream; 
2. Constant pH at low supersaturation: two diluted solutions of metal ions and 
base solutions each slowly added to the reaction flask; 
3. Constant pH at high supersaturation: the mixed salt solution is added very 
quickly to the base solution in the reaction flask. 
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Research groups chose a method based on individual preferences and target properties. It 
has been reported, however, that LOH compounds prepared using constant pH have 
higher crystallinity, smaller particle size, higher specific surface area and higher average 
pore diameter.28 When preparing NiAl-C03-LDH using the constant pH method, 
Broecker et al. found variations in crystal growth relative to implementing either low or 
high supersaturation conditions. A dilute solution of mixed metal reagents 
Ni(N03)i6H20 and Al(N03)3'9H20 were added slowly to a basic solution containing 
Na2C03 and maintained within a narrow pH range of 7 to 8.43 The work reflected that 
low supersaturation synthesis produces more crystalline precipitates than those prepared 
by high supersaturation. Since the reagents are mixed more quickly under the latter 
conditions, the rate of nucleation is faster than crystal growth. Often, this results in 
formation of a large number of smaller particles. NaOH and/or Na2C03, KOH and 
ammonia solutions are the most common basic media for LDH precipitation and 
maintenance of pH. However, buffer solutions may be added to the reaction flask in the 
initial steps of synthesis to control the pKa value at or near that of the buffer used. For 
instance, solution containing HC03-/Co/- pair may be used to keep the pH of the 
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solution near 10.0. The bicarbonate ion has a pKa value of 10.3 upon hydrolysis which 
contributes to its strong buffering capacity.44 Aging follows precipitation to improve the 
crystallinity of the LDHs through the dissolution-reprecipitation process. 19•45•46 The 
temperature of the mixture is kept between 60-80°C for nearly 24 hours. 
Anion exchange takes advantage of the weak electrostatic interactions between LOH 
layers and the interlayer anion. This technique permits the formation of layered clays 
with a highly diverse class of anions.47•48 In general, the anion exchange reaction is most 
often performed via two methods: templating or direct intercalation. In the templating 
method, an excess of the anions that are to be intercalated are added to the reaction flask 
prior to adding the mixed metal and basic solutions. Upon titration and precipitation of 
LOH, the exchange occurs as the layers form snuggly around the target anion. Direct 
intercalation requires formation ofLDH followed by addition of the anion to be 
intercalated. In this case, the layers have already formed forcing the target anion, in some 
cases, to change its spatial orientation in order to be accommodated within the interlayer 
gallery. On the other hand, Dutta et al. found that conducting anion exchange in an 
alcoholic solution induces reactivity of LOH precursors with long-chain monocarboxylic 
aids. The work implies that the alcohol molecules probably pre-swell the interlayer 
region of the LDHs and hence lead to a more effective anion exchange process for the 
direct intercalation method.49 To carry out the reactions, the anions of interest and the 
respective brucite-like layers must be stable at the pH of exchange. Both methods can be 
followed by heat treatment in order to refine the crystal structure, i.e. aging or 
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hydrothermal treatment. Bish and Brindley were first to prepare NiAX-LDHs (X= Cl-
so/-, NO3-) using 0.0lM solutions of the corresponding acids to mix with NiAX-LDHs 
for several minutes to several days at room temperature.37•50 Miyata et al. followed this 
. . . d d . d th f h ~ . · · ~ 11 36 47 mvesttgatton an enve e sequence o exc ange 1or morgaruc aruons as 10 ows: · 
The sequence above shows that multivalent anions are more difficult to exchange out by 
other anions due to higher electronegativity of the molecule. In particular, the carbonate 
ion, a divalent anion, is much more difficult to exchange than the univalent nitrate anion. 
Therefore, LDHs containing nitrate ions are more suitable as precursors for displacement 
by bulky or complex anions, e.g. DNA.51·52 The preparation, properties and applications 
of organo-LDHs have been extensively investigated and some review articles can be 
referred for detailed information.31·53 
Hydrothermal treatment (formerly hydrothermal synthesis) was introduced by Li et al., 
who synthesized tetraborate, 84O5(0H)/- -pillared LDHs under controlled hydrothermal 
conditions. 54 The goal was to increase selectivity of large inorganic or organic anions for 
incorporation within LDH layers. Selectivity of anions is highly dependent upon the 
molecule's size and charge which offer synthetic limitations of intercalation using the 
above mentioned traditional methods. In this study, synthesis was performed by co-
precipitating Mg(OH)2 and Al(OH)3 from a mixed salt solution and aqueous solution of 
NaOH. The as formed precipitate was re-dispersed into a hot aqueous solution of 
Na2B84Os(OH)4"8H2O. The slurry was transferred into an autoclave, which was then 
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heated at 100°C for 20 hours. The obtained product showed good crystallinity. Xu et al 
modified this method to eliminate the use of hot aqueous hydrate and determined the 
combination temperature and time necessary to control LDH particle size. 55 
2.2.3 Properties of clay minerals 
The particular application of clay minerals is influenced by several important 
characteristics including particle size and shape, surface chemistry, surface area, and 
surface charge among others. The unique structure and high intercalation capabilities of 
layered anionic clays allows them to be chemically modified to enhance their 
compatibility with organic polymers and biomolecules. This attribute makes them 
particularly attractive in the development of clay-based polymer nanocomposites. 
Naturally, LDHs are not nanoparticles themselves, but can be exfoliated or delaminated 
into nanometer platelets with a thickness of about 1 nm. The corresponding aspect ratio is 
typically between 100-1500 and surface areas of (700-800m2/g). Some researchers have 
regarded each platelet as a rigid inorganic polymer whose molecular weight is much 
greater than that of typical polymer. The relatively low layer charge ofLDHs leads to the 
weak force between the adjacent layers making the anion exchangeable. Among anionic 
layered clays, magnesium and aluminum are the most common metals used for polymer 
nanocomposites depending on the potential applications. 
2.3 Polymer Nanocomposites 
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2.3.1 Morphology 
Generally, there are three types (figure 2.2) of nanocomposite structures formed when 
clay minerals are mixed with polymer depending on the nature of the components and 
processing conditions. 56-5S A conventional composite is obtained when there is phase 
separation between the polymer and clay, preventing intercalation into the galleries of 
the clay mineral. The resulting properties are similar to that of polymer composites 
reinforced by micro-particles. Upon intercalation of the polymer between LOH 
layers, there is favorable mixing of the clay mineral throughout the polymer matrix. 
An extended polymer chain is inserted into the gallery of clay minerals resulting in a 
well ordered multilayer stacked morphology alternating polymer chains and clay 
platelets. Though there may be significant expansion of the layers, the ability to 
control stacking with a repeating distance of a few nanometers is maintained. At 
maximum mixing of the organic and inorganic components there is exfoliation or 
delamination. Exfoliated nanocomposites are completely and uniformly dispersed 
clay platelets in a continuum polymer matrix. In a real system, many combinations of 
the above mentioned morphologies are likely to occur. 
, ~ - --~~-- ;_ 
·~ t, ·~-s;  
Phase separated 
(microcomposite) 





Figure 2.2 Different types of composites arising from the interaction of polymer and layered clays: (a) 
phase separated microcomposties; (b) intercalated nanocomposites (also known as nanohybrids); and (c) 
exfoliated nanocomposites. Modified from ref.s9 
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The structure ofpolymer-LDH nanocomposites is generally obtained from transmission 
electron microscopy (TEM) and X-ray diffraction (XRD). Of the former and latter 
mentioned methods, XRD is the most commonly used technique for exploring structure, 
and in some cases, kinetics of the nanocomposites due to its simplicity to operate and 
availability. Monitoring changes in position, shape and intensity of basal reflections from 
the original material permits identification of intercalated or exfoliated nanostructures. 
Namely, the disappearance of any coherent XRD is a reflection of extensive layer 
separation in exfoliated nanocomposites. The appearance of a new basal reflection 
corresponding to the larger gallery height is associated with the finite layer expansion in 
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intercalated nanocomposites. Therefore, XRD provides a convenient method to identify 
differences in and quantify the interlayer spacing of pristine layered clays and 
intercalated nanocomposites. Unfortunately, this technique cannot provide detailed 
information about the structural non-homogeneities in nanocomposites. In contrast, TEM 
can provide qualitative information of the internal structure, spatial distribution of the 
various components and direct visualization of the defect structure. Solid state nuclear 
magnetic resonance (NMR) can provide insight about the morphology, surface chemistry 
and dynamics of exfoliated polymer nanocomposites which may quantify the level of 
clay exfoliation. In addition, Fourier Transform infrared (FTIR) and resonance Raman 
spectroscopy has been used to understand the structure. 
2.3.2 Properties of polymer-LDH nanoeomposites 
Polymer-LOH nanocomposites are known to exhibit enhanced properties and higher 
performance as compared to the corresponding conventional polymer composites and 
pure polymers. Among them, thermal stability has been found at relatively low contents 
of clay (usually 2-8wt.%). Also, depending on the type of polymer matrix, the 
nanocomposites can display improved biodegradability. The thermal stability of polymer 
nanocomposites is estimated from the weight loss upon heating which comes from the 
formation of voltaic products. Improved thermal stability corresponds to the ability of the 
clay layers to hinder diffusion of volatiles and assist in the formation of char after thermal 
decomposition. In 1965, Blumstein was first to report an improvement in thermal stability 
for PMMA containing 10% clay at a degradation temperature 40-50°C higher than 
unfilled PMMA.60 Recently, there have been many reports on the improvement of 
thermal stability ofpolymer-LDH nanocomposites fabricated from various organoclays 
and polymer matrices.61-63 
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Nanocomposites made from organoclay and biodegradable polymers experience 
improved biodegradability which occurs more readily in the composite than as the pure 
polymer. Tetto et al. reported results on the biodegradability ofnanocomposites based on 
PCL, which showed an improved biodegradability over pure PCL.64 Such an 
improvement of PCL in the clay-based nanocomposites may be attributed to a catalytic 
role of the organoclay in the biodegradation mechanism. Reported thereafter, Lee et al. 
investigated aliphatic polyester-based nanocomposites under compost.65 They attributed 
the retardation ofbiodegradation to the improved barrier properties of the aliphatic 
polyester-clay nanocomposite. In other studies polymer-clay composites have been 
known to improve scratch resistance,66 transparency, ablasion,67 mechanical properties,68 
gas barrier69 and electrical conductivity70• 
The final properties of composites is influenced by 
(1) Filler nature 
(2) Properties and content of components 
(3) Dimensions of components and micro structure of composite 
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( 4) Interfacial interactions between matrix and dispersed phase 
The efficiency of property improvements depends strongly on the mechanical properties 
of the filler, adhesion between matrix and filler and the aspect ratio of the filler. 
2.4 Considerations in Drug Delivery 
The use of LDH in drug delivery systems has been extensively studied for antibiotic,71 
anti-cancer,72 anti-inflammatory,73 DNA and lipid regulating drug delivery systems74. 
Tammaro et al investigated the release of the antibiotic, chloramphenicol succinate, from 
LDH-polycaprolactone NC.71 In addition to the improvement in the elastic modulus, 
yield strength, and fracture strength, NCs loaded with the same drug loading as neat 
polycaprolactone retarded 70% of the initial burst release. 
CHAPTER III 
CHARACTERIZATION METHODS 
3.1 X-ray diffraction (XRD) 
The crystallographic information of the samples in this PhD work is investigated by X-
ray diffraction. XRD primarily leads to the identification of crystalline compounds. The 
sample is prepared in the form of a thin paste using droplets of ethanol and dried into a 
fine powder mounted on a silicon plate and inserted in the path ofx-rays. The powders 
containing many particles are oriented in several directions relative to the beam of 
radiation. The diffraction rays correspond to all sets of planes in the clay crystalline 
lattice. The XRD patterns with diffraction intensity versus 20 were recorded usually from 
5° to 80° at a scanning speed of 10°min·1 in this work. The X-ray diffractometer is 
P ANalytical brand with Cu.Ka. radiation (1.5406 A). The interlayer distance, d, can be 
obtained using Bragg's equation 
DA= 2d sine 
where 0 is the diffraction angle. 




The absorption of IR radiation depends on the increase of the energy of vibration or 
rotation associated with covalent and ionic bonds. Selective absorption is attributed to a 
specific chemical bond, the chemical environment and the configuration of the species 
(such as non-, mono- or bi-dentate), collectively. An IR spectrum is a plot of percent 
transmittance versus the frequency in wavenumber. 75 FTIR spectroscopy was used to 
analyze the chemical bonding information of metal-hydroxyl, metal-anion and phenyl-
sulfonate, polymer-LOH interactions in this thesis. FTIR spectra were obtained after 10-
20 scans with a resolution of2cm-1 in a Perkin-Elmer IR instrument. The samples were 
diluted with potassium bromide (K.Br) and the weight ratio of sample to K.Br was 
estimated at approximately 1 :50. The mixture of the sample and KBr was pelletized 
before the measurement. 
3.3 Thermogravimetric analysis (TGA) 
TGA is a technique whereby the weight of the sample is measured over a period of time 
while the temperature of the sample is being raised linearly. This method can be used to 
study the physical processes or chemical reactions that occur in the sample upon heating. 
Therefore, it is also often used to establish optimum temperature ranges for drying or 
calcinations.
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The TGA curve can be manipulated by first-derivation to get the weight 
loss rate curve, DT A. The thermal behavior of the samples in this work was investigated 
by TA Instruments TGA-50. In general, around 1-Smg of precursor and composite 
samples were analyzed. The furnace temperature was heated up from 25°C to a 
maximum of 600°C for polymer samples and 900°C for LOH samples, at a ramp of 10°C 
min-1• The purging gas was either air or nitrogen, and the gas flow rate was set to 
40.00mL min-1• 
3.4 Ultraviolet-Visible Spectroscopy (UV-Vis) 
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UV-Vis spectroscopy is not a principal characterization tool for LDH, but it is however, 
ideal for the analysis of florescent organic compounds. This technique was used for the 
investigation of model drug RhBB release from the optimal drug delivery vehicle of this 
work, PSS/PEG-LDH. An aliquot, containing one to three milliliters of solution obtained 
from the mixture containing the drug carrying delivery vehicle in phosphate-citrate 
buffer, was measured at a variable wavelength scan. In obtaining the aliquot, special care 
was taken not to capture remnants of the polymer-clay nanocomposite. The solution was 
filtered or decanted to remove any residual clay while maintaining any released RhBB. 
The wavenumber of interest, 552nm, was marked by the fluorescence of the control, 
which was 3.3mg ofRhBB. As the drug was released from the polymer-clay 
nanocomposite, the intensity at wavenumber 552nm was measured against that of the 
control. 
3.5 Nuclear Magnetic Resonance spectroscopy 
High resolution 1H NMR was used to analyze polymer structure, number average 
molecular weight, degree of sulfonation and charge transfer from trace amounts of H2O 
to sulfonated polystyrene in LOH samples. Hi-Res 1H NMR has not previously been 
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used as a tool for analyzing inorganic clays because they lack solubility in organic, polar 
and aqueous solvents. Hybridization of inorganic compowids with hydrophobic organic 
polymer chains also results in resistance to solvents as an effect of the inorganic 
constituent having a higher density.77 However, this research has identified a correlation 
between trace amowits of H20 in acetone-d6 solvent and the sulfonation level of polymer 
within LOH galleries. The charge transfer behavior of the samples in this work was 
investigated by a Bruker 500MHz NMR. In general, arowid 3.5mg of precursor and 
composite samples were analyzed in approximately O.SmL of acetone. The instrument 
was equipped with a 5mm P ABBO BB probehead. Analysis was rwi wider pulse program 
zg30 at temperature 295.lK and 16 scans. 
CHAPTERIV 
INTERCALATION AS A FUNCTION OF DEGREE OF SULFONATION 
4.1 Introduction 
Copolymers consisting of hydrophobic and ionomer regions have structural features of 
both polyelectrolytes and surfactants. Their assembly behavior is recognized as being of 
unusual complexity because of the relationship between packing and charge effects. 
Copolymers are known to assemble into a variety of different structures (spheres, 
cylinders, bilayers) depending on molecular shape, temperature, concentration and/or 
composite formation. In this study, we are analyzing structure-property relationships of 
partially charged sulfonated polystyrene adsorbed onto LDH layers. Review of 
sulfonation methods reveals that preparation of highly charged sodium poly(styrene-
sulfonate) (NaPSS) often rely on harsh conditions in which case one must be concerned 
with desulfonation, degradation or cross-linking in the product material. 78 Baigl et al. 
used an adaptation of Makowski 's milder method of preparing ionomers, to study a series 
ofNaPSS of narrow molecular weight distribution and well-characterized charge 
fractions using proton NMR. 79 To realize the significance of this work, one must clearly 
understand how difficult it is to control or predetermine sulfonation of organic 
macromolecules. NMR is a quicker, easier, nondestructive method of determining degree 
of sulfonation that needs less material than what is required for elemental analysis. 
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LOH particle size control and formation of stable suspensions are two important issues 
for cellular delivery applications. Xu et al investigated a generic yet simple and effective 
hydrothermal treatment method for the preparation of stable homogeneous pristine LOH 
suspensions with monodispersed particles. 80 The study proposes a way to control the 
LOH sheet dimensions between 40-300nm by varying the hydrothermal treatment time 
and temperature for a wide range of LDH compositions. We hypothesized that partially 
charged PSS influences incremental changes in these LOH properties, while on the other 
hand; the clay mineral also shifts the structure-property relationship of the copolymer. 
Ultimately, we seek to find the most favorable PSS-LOH nanohybrid composition for 
potential delivery applications. 
In this work, the structure-property relationships of ionomers in LOH were investigated 
to understand and predict the anionic exchange behavior of partially charged organic 
macromolecules. We observed MgJAl(OH)6N03 • mH20 with partially charged straight-
chain polystyrene at 0.8, 5.5, 8.0 and 13.2% sulfonation (PSS). In addition, we analyzed 
MgAl-LDHs ability to simultaneously adsorb two partially charged ionomers competing 
at [5.5 and 0.8]%, [5.5 and 8.0]%, and [5.5 and 13.2]% PSS i.e. in an effort to understand 
competitive intercalation. Following, the structure-property relationships were used to 
determine the most favorable sulfonation level for drug delivery applications based on: 
• Optimal polymer-LOH complex with highest thermal stability 
• Nanohybrid with the smallest particle size 
• System that permits adsorption of multiple organic compounds simultaneously 
4.2 Material Synthesis and characterization 
4.2.1 8x103 and 45x103 Molecular Weight PSS 
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In this work, polystyrene was used at two different orders of magnitude, i.e. I 03 and I 04 
gmor1• Prior to synthesis, styrene monomer was dried over CaH2 and distilled using low 
pressure vacuum and mild heat. The polymerizing solvent, THF, was purified by drying 
over Na metal while refluxing for 24 hours. This process was conducted 2-3 times to 
ensure maximum removal of moisture and was confirmed with benzophenone indicator 
which displayed a dark purple or blue color. Anionic polymerization of styrene to 8x I 03 
gmor
1 
PS was prepared with n-butyllithium as initiator, while 4.5x104 gmor1 PS was 
purchased from Sigma Aldrich. 
Figure 4.1 . Illustration of general procedure for the fonnation of random copolymer poly(styrene-ran-
sulfonated styrene) 
To insure favorable interactions between LDH and PS, the polymer was modified as a 
polyacid and later neutralized to a sodium salt. The reaction flask was charged with PS 
and purged with purified gas N2. The complete apparatus consisted of a two-neck round 
bottom flask, condenser, addition funnel and glass septum. About 10-1 SmL of 
dicholoroethane was added to the reactor and allowed to equilibrate while stirring in an 
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oil bath at 40°C. Acetic anhydride was added slowly followed by sulfuric acid in a 
volume ratio of about 1.5 to prepare acetyl sulfate in situ. To control the degree of 
polystyrene sulfonation, the ratio of acetic acid to styrene monomeric units ranged from 
0.3 to 0.6 and reaction times ranged from 5 minutes to 90 minutes. For sulfonation levels 
less than 8.0%, the reaction was quenched by placing the hot reaction flask in a cold 
water bath at 10°C, while higher levels were quenched by adding isopropyl alcohol then 
cooling in an ice bath. All samples were precipitated in hexane or cyclohexane and 
washed with hot distillate H2O. 
4.2.2 Pristine LDH and PSS-LOH Nanohybrids 
Pristine LOH was synthesized81"83 by preparing a stock solution of 1-2.0M NaOH in 100 
mL of deionized and decarbonated (dl/dCOl°) water. Due to LDHs high sensitivity to 
carbon dioxide in air, the reaction flask was tightly sealed and continuously purged with 
purified nitrogen gas. The reaction apparatus consisted of a three-neck round bottom 
flask, stir bar, pH electrode and two addition funnels. The reaction flask was prefilled 
with approximately 15-20mL of the purified water and was calibrated to a pH of 9. An 
addition funnel containing a mixed salt solution of Al(NO3)3 and Mg(NO3)2 of molar 
ratio 3:1 were titrated against the funnel containing an aqueous NaOH solution 
maintaining a pH between 8 and 11 . Upon mixing, the LDH slurry immediately began to 
precipitate and was allowed to stir in an oil bath at 75-80°C for 24 hours. After 
expanding the LDH layers through the process known as aging, the reaction flask was 
cooled to room temperature and transferred to centrifuge tubes under N2 using a purged 
syringe. The compressed product was washed 2-3 times with dl/dCo/· H2O, redispensed 
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in about 15mL of the purified water and placed in an inorganic autoclave at oven 
temperature 110°C for about 16 hours. After centrifuging and removing the excess water, 
the sample was dried under N2 in a hot water bath at 75°C until the slurry appeared as a 
white chalky powder. 
[ 2+ ] l IT+ l 3 Mg / '-,. _ 
o· o 
• 
+ + Na·OH 
ct-i,O I 65°C. 
~ 10 
Figure 4.2. Illustration of the synthesis for pristine LOH and PSS-LOH 
The PSS-LOH nanocomposite samples were prepared in a similar manner as was 
described above, but was modified using two methods. In both techniques, polystyrene 
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was pre-dissolved in less than SmL of acetone before being added to the reaction flask. 
For the nanocomposites prepared via the templating method, PSS was added to the 
reactor prior to titrating the mixed salt solution; whereas for the direct intercalation 
method, PSS was added post titration when the LDH layers had already formed and were 
beginning to age. 
4.3 Results and discussion 
4.3.l 8x103 gmol"1 PSS and PSS-LDH 
Spectroscopy of Polystyrene Sulfonation. In figure 4.3, FTIR identifies successful 
substitution of PS resulting in formation of random copolymers containing PS and PSS 
regions. It has been previously confirmed that sulfonation of styrene ( or polystyrene) 
occurs at the para position on the benzene ring. 84 The intensity of the bands at about 1493 
and 1452 cm·1, assignable to the c~c aromatic vibrations for benzene, was extremely 
sensitive to sulfonation level. As the degree of sulfonation increased, the relative intensity 
decreased, confirming structural changes in the sp2 hybridized carbon. As sulfonation 
level increases, the ratio between these aromatic doublets at 1493cm·' and hydration 
(H2O) band at 1634cm·• decrease confirming increasing polarity. The broad and strong 
absorption band at 3350 cm·1, indicates an acid O-H stretch occurring due to the presence 
of the sulfonic acid group. Determining sulfonation level using FTIR absorption is 
possible, but is hindered by the effects of water, which strongly absorbs at FTIR 
wavelengths. 
79 
Therefore, unless measurements are conducted under the same humidity 
level or with the exclusion of water, this method cannot be used as a primary tool for 
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establishing sulfonation levels. It can however, be used as a tool to qualitatively identify 
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Figure 4.3. FTIR spectra of8 x 103gmol"1 polystyrene at 0.8, 5.5, 8.0 and 13.2% sulfonation. 
High resolution 1H NMR was used to confirm polymer structure, determine number 
average molecular weight (Mn) of precursor and calculate percent sulfonation of the 
polymer. Anionic polymerization of styrene resulted in the formation of ~8xl 03 gmol"1 
Mn atactic polystyrene. This value was determined by first calculating the degree of 
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polymerization (DP) using the integral ratio of benzene near 7 .1 ppm and n-butyllithium 
initiator near 0.9ppm. The DP, ~78, was then multiplied by styrene molecular weight of 
104 gmor1, resulting in the above reported value. Keeping the molecular weight 
constant, the sulfonation level was varied for each polymer sample by altering the 
concentration of H2SO4, varying the ratio of acetic anhydride to monomer units and/or 
extending the length of time the materials were permitted to react. As proven in 
literature, 
1
H NMR is an effective method for determining the degree of sulfonation in 
polystyrene and is unaffected by NMR solvent and chain length. 79 Comparing each of 
the spectra reveals that as the degree of sulfonation increases, the integration for vicinally 
coupled meta and para protons near 7.1 ppm gradually decreases (figure 4.4}. Upon 
electrophilic aromatic substitution of the para proton, the acid proton of the newly 
associated sulfonate substituent inductively couples with the meta proton, resulting in an 
increase in integration at 7.35 ppm. 
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Figure 4.4. 1H NMR spectra displaying the phenyl region of8.0% and 13.2% sulfonated 8x IOl gmol"1 PS. 
Table 4.1 shows the values for percent sulfonation calculated and averaged using the 
formulas proposed by Baigl et al. 79 and Lima et al85• 
Table 4.1. Calculated% sulfonation using 1H NMR integrations 
PSSt PSS2 PSS3 PSS4 
Formula 1 
.l\Iol% = 3Ab/ (3Ab + 2Aa) 
1.07% 6.95% 10.15% 16.45% Aa = pam hydrogen integration 
Ab = ortho/meta H integrat ion 
Formula 2 
!'.fol% = 100 (le/Ia) 
0.72% 4.74% 7.00% 11.60% le = 2x, x = mo\. frac. of sulfonati 
Ia= 2 
Formula3 
Mo)% = 100 * 38/(2+30) 
0.72% 4.74% 7.00% 11.60% a = Jc/ lb = 2x/(3 * (1-x)) 
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X-Ray Diffraction. X-ray diffraction is a tool required to determine the crystallographic 
structure of the PSS-LOH nanohybrids relative to that of the pristine clay. The 
diffractogram in figure 4.5 displays LDH samples prepared by the templating method, for 
those with a single type of PSS absorbed (SA) and with two polymer types competitively 
absorbed (CA). In accordance with the literature for MgAl-LDH,86•87 lattice planes do03, 
do06 and dow1012 are the major identifying indices for the hydrotalcite-like compounds 
which have R3m symmetry. It is well understood in diffraction crystallography, that 
broader peaks indicate amorphosity or lower order crystals, while sharper peaks indicate 
higher order systems. Broader peaks may result from smaller crystallite size in 
nanocrystalline materials, more stacking faults, microstrain, and other defects in the 
crystal structure. In addition, an inhomogeneous composition in a solid solution or alloy 
also contributes to broader peaks. Relative to pristine LOH, samples containing 8x 103 
gmor
1 
PSS have broader and less intense peaks which identify the presence of polymer 
and its role in the formation of the clay structure. At 5.5% PSS, the LDH nanohybrid is 
not as amorphous, primarily because of the effects of impurities. The templating method 
of synthesis for partially charged PS chains influences the formation of the LOH 
crystalline structure. Just as the name indicates, polymer orientation and functionality are 
used as a template or seedling for building the LOH based on molecular interactions. 
When templating, PSS molecules meet strong competition to reach the substrate sites on 
the LDH sheets probably from the nitrate anions released during the adsorption reaction. 
When there are no additional diffraction peaks in excess of the diffraction lines of the 
LDH, reports state that no intercalation is observed and interaction proceeds only at the 
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surface and edge of the crystallites.82 Mayer et al conducted a study on biomolecular 
crystals offullerenes in conjugated polymers and determined that suppression of 
diffraction lines and no increase in d-spacing suggested that the fullerenes disrupted 
interaction between polymer chains and prevented crystal formation.88 In accordance, 
this work reveals that as sulfonation level increases, the peaks progressively decrease. 
This decrease often indicates that the stacked layers are dissembling; ultimately until 
complete delamination is reached, corresponding to a featureless XRD pattern. Similar 
procedures, in published works, were attributed to exfoliation.89•90 In the case of 13.2% 
PSS-LDH, an increase in sulfonation induces the formation of a PSS-LDH hybrid phase, 
showing a basal spacing ( d-spacing or distance between layers) value in good agreement 
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Figure 4.5. XRD of single adsorption and competitive adsorption 8K PSS-LDH composites 
Overall, table 4.2 displays a decrease in spacing between LDH layers (d-spacing) for the 
PSS-LDH nanohybrids. Comparative studies were conducted at hid planes doo3, do06 and 
overlapping doo91012 which are the most intense peaks for hydrotalcite-like compounds at 
100, 39 and 2.1/21.3 respectively. Observation with more discretion shows that, at plane 
dooJ, as sulfonation level increases from 0.80 to 13 .2%, there is an increase ind-spacing 
to a value just below (8.00 A) that of pristine clay. In a study of clay-organic blends, it 
was determined that large ratios, e.g. 10:1, showed a reduction in peak intensity and 
slight shift in d-spacing from 21 .15 A to 22.1 A. Together reduction and small shifts 
imply a reduction in the extent of ordering of crystals caused by introduction of guest 
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molecules. The concentration of intercalates also have a significant effect on the extent of 
shift and d-spacing.88 Similarly, in this work, low concentrations of PSS relative to LOH 
may be a contributing factor to the small shifts in d-spacing as the degree of sulfonation 
increases for PS absorbed onto LDH sheets. At lattice planes do091012 and doOJ, 13.2% PSS 
adsorbed LOH has values more similar to neat LDH than the other nanohybrids. 
Table 4.2. XRD values for single adsorption and competitive adsorption 8k PSS-LOH nanocomposites 
d-Spacing Values 
LDH Compound Angle 1 (
0
2Tb) d-spacing (A) An~e 2 (02Tb) d-spacing (A) ~e 3 (02Tb) d-spacing (A) 
pristineLDH 10.515 8.04062 20.326 4.3655 34,512 2.5967 
0.83% 11.244 7.P/J27 22.646 3.9346 34,313 2.6113 
5,47% 11.244 7.P/J27 22.646 3.9232 34.446 2.6016 
8.0j% 11.112 7,9562 22,i/9 3.9007 34.313 2.6113 
13.2o% 11.046 8.0038 22.243 3.8239 34,711 2.5823 
[0.83-5.47 ]% 11.244 7.P/J27 22.713 3.9119 34,313 2.6113 
f5.47-8.0j]% 11.244 7.Pi,27 22.646 3.9232 34,313 2.6113 
fs,47-13.2]% 8.062 10.957 24.105 3.6891 34,512 2.5967 
As illustrated by the competitively absorbed samples in figure 4.5, templating is an 
effective technique for maintaining higher order crystalline nanohybrids, while allowing 
successful adsorption of multiple organic compounds. The [5.5:0.8]% and [5.5:8.0]% 
competitively adsorbed (CA) samples have both lattice angles and d-spacing values 
similar to their single adsorption (SA) counterparts. This is evidence that multiple organic 
compounds (potentially including drugs and biomolecules) can be simultaneously carried 
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by the LDH delivery vehicles with little-to-no negative impact on the crystal structure. 
However, the addition of a diffraction peak at 16.084° as a result of competitive 
intercalation of [5.47-13.2]% nanocomposite, is in good agreement with intercalation 
rather than surface adsorption. The Bravais lattice, in this case, not only shows evidence 
of the expected R 3m symmetry, but also the P 31 m trigonal space group where PSS is 
incorporated. 
Dynamic Light Scattering. In drug delivery, cellular uptake of the delivery vehicle is 
influenced, in part, by the particle's size. Considering that the guest compound in the 
LDH nanohybrids is intercalated on the surface or between layers (rather than simply 
forming a composite mixture), we must consider the radius of gyration (Rg) of the 
polymers. Dynamic light scattering measurements were conducted in acetone for all 
samples. When unsulfonated, polystyrene was reported to have an average radius of 
8.5nm (table 4.3). As expected, when sulfonation level increased to 5.5%, Rg also 
increased to 47.7nm. The increase is attributed primarily to increased solubility of the 
polymer, in polar solvent, as a result of favorable interactions at the carbonyl region of 
acetone and sulfonate substituent of polystyrene. With the addition of each substituent, 
there is also an increase in the rigidity of polystyrene resulting in an extended 
arrangement of the chains. This is deemed the start of the polyelectrolyte effect. 
Increasing sulfonation thereafter results in a gradual decrease in polystyrene radius at 
28.8nm and 13.1nm for 8.0 and 13.2% sulfonation, respectively. It is understood that 
uncharged linear polymer chains are usually found in a random conformation in solution, 
whereas charges on linear polyelectrolyte chains repel each other via double layer forces 
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(i.e. polyelectrolyte effect91 ). These forces cause the chain to adopt a more expanded, 
rigid-rod-like conformation. If the solution contains a large volume of added salt, the 
charges will be screened and consequently the polyelectrolyte chain will collapse to a 
more conventional conformation (essentially identical to a neutral chain in good 
solvent).92 This is evident in the neutral PS sample at radius 8.5nm and 13.2% PSS at 
13.1nm. Because the LOH nanohybrids were prepared using small volumes of acetone in 
H2O, we expected to see similar characteristic behavior in the PSS-LDH composite 
samples. 
Table 4.3. Average particle size detenninations of single adsorption and competitive adsorption LOH 
samples based on light scattering. 
I 
RADIUS (Rsr), nm 
LDH 
% sulfonation Polystyrene nanohybrid 
Control 8.5 43.4 
0.8% 22.8 73.8 -
5.5% 47.7 101.5 
8.0% 28.8 166.8 
13.% 13.1 44.5 - -
[5.5 : 0.8]% - 67 
[5.5: 8.0]% - 68 - -
[S.5: 13.]% - - 45 I 1000 
According to Xu et a180 fast co-precipitation of pristine MgAl-NO3 LDH hydrothermally 
treated at 100 °c for 16 hours, exfoliates the clay layers and produces nanoparticles with 
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an average particle size of 116nm. Typically, LOH materials are large aggregates with a 
secondary particle size of l-lOµm.93 There are hundreds of thousands of sheet-like 
nanocrystallites in each aggregate. As a prerequisite for the practical application for 
cellular drug delivery it is necessary to disperse LDH aggregates into individual sheet-
like platelets in a stable suspension. Therefore, both pristine LOH and LDH nanohybrids 
were hydrothermally treated and were also measured using Raleigh light scattering 
analysis. Consistent with the non-hybridized PSS samples, there is an initial increase in 
nanohybrid radius as polymer sulfonation level increases. However, in nanohybrid 
samples, the increase continues through 8.0% sulfonation. A threshold is reached at 
13.2% PSS-LDH, where there is a subsequent decrease in nanocomposite radius. 
Compared to the other PSS-LOH nanohybrids, XRD data reveals that both pristine LDH 
and 13.2% PSS-LOH have a larger and more similar d-spacing, while DLS displays a 
smaller particle size for each. These results imply that agglomerates may be forming in 
PSS-LOH samples at lower levels of PS sulfonation and the small d-spacing is consistent 
with surface adsorption rather than intercalation. In contrast, strong electrostatic 
interactions between PSS and LDH, at higher levels of PS sulfonation, permit 
nanohybrids with 'exfoliate-like' properties resulting in a smaller particle size and larger 
d-spacings. Disaggregation occurs through the so-called 3D process (dissociation, 
deposition, and diffusion)94 which reduces the glue effect95 of amorphous LDH materials. 
However, the presence of lightly sulfonated polystyrene partially reinstates the glue effect 
resulting in a larger particle size as the degree of sulfonation increases to 8%. The [5.5-
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0.8] % and [5.5-8.0] % competitive samples had similar particle sizes that were smaller 
than their respective parent nanohybrid. This implies that MgAl LDH consistently 
induces a similar packing/orientation of multiple guests with similar structures. 
Derivative Thermal Gravimetric Analysis (DTA). Derivative thermal gravimetric 
analysis was used to determine changes in polymer degradation as a function of 
sulfonation level and intercalation. Figure 4.6 generally reveals that as the sulfonation 
level of polystyrene increases, degradation temperature also increases. This is due to 
increased interaction between chains induced by hydrogen bonding amongst oxygen and 
hydrogen atoms of the -SO3H substituent. At 8% sulfonation, PS inconsistently degrades 
at 404°C, which is nearer to degradation of neat PS (396°C) than the other measured PSS 
samples. At this level of sulfonation, a threshold may have been reached, causing PS to 
experience a significant decrease in free volume, with lack of chain ordering. This would 
result in some inhibition of the polar substituent's ability to fulfill its role to enhance 
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Figure 4.6. DT A of PSS at 0.8, 5.5, 8.0 and 13.2% sulfonation, in the 8k polystyrene degradation region. 
In contrast, though the degradation range is nearly the same (or greater), the temperature 
at which the maximum amount of PSS degrades in PSS-LOH nanohybrids has reduced 
degradation temperatures for polystyrene with 0.8 to 8.0% sulfonation. Generally, OTA 
consistently shows that the thermal stability of the polymer/LOH nanocomposites 
increases with increasing sulfonation as compared with the corresponding LOH-free 
polymers. However, it reveals that though the temperature range of PSS-LOH 
nanohybrids may have a higher maximwn, the precise temperature at which the 
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maximum amount of material degrades per degree Celsius is higher for LOH-free 
polymers than the PSS-LDH nanohybrids. In other words, there is a decrease in PSS 
thermal stability when absorbed onto LDH layers. An increase in electrostatic interactions 
between PSS and LDH reduces hydrogen bonding and 1t-1t stacking among neighboring 
polystyrene chains. Weaker van der Waals interactions along the polymer backbone 
become the primary interaction among chains. At 13.2% sulfonation, however, there is an 
approximate 5°C increase in degradation temperature due to stronger interactions with 
LDH layers. Unlike at lower levels, sulfonation at greater than 10% provides more sites 
for hydrogen bonding and/or electrostatic interactions. The bonding sites on the polymer 
chains are closer in proximity, permitting shared interactions across polymer chains and 
with the LDH layers. 
Considering that the nanohybrids were prepared by the templating method, polymer 
incorporation into LDH influenced more consistent degradation patterns of PSS as a 
function of sulfonation level. This behavior is similar to the theory developed by Flory96 
and later applied to syndiotactic polystyrene at variable levels of sulfonation reported by 
Su et al
84
• It was determined that non-crystallizable sulfonated units interrupt or terminate 
crystal growth along the molecular chain direction, limiting the size of crystallites 
achievable and resulting in a systematic depression of the thermal behavior. Introduction 
of the large sulfonate groups reduces the polymer chains' ability to pack tightly and 
uniformly (increase in entropy), resulting in a decrease in melting temperature. In 
addition, a separate study on PSS and LOH ultrathin membranes prepared by layer-by-
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layer deposition also experienced a decrease in thermal behavior of sulfonated 
polystyrene in LDH clay. The degradation temperature was reduced as the concentration 
of PSS to LOH decreased.97•98 In this work, similar correlations of a reduction in 
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Figure 4.7. OTA of PSS-LDH at 0.8, 5.5, 8.0 and 13.2% sulfonation, in the 8k polystyrene degradation 
region. 
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In the competitive intercalation studies, all samples have similar thermal stability at 
temperatures near that of neat PS (396°C). Each sample contains 5.5% PSS intercalated 
with another PS sample at either higher or lower sulfonation levels. To reduce variability 
of the results, equimolar amounts of each polymer ( 1.3mmol) and Al(NO3)3 were used. 
Using 5.5% PSS-LDH as the control for CA samples, it was determined that thermal 
stability depends on the relative degradation temperature of the additional polymer in 
LDH. When the additional polymer is of higher sulfonation PSS degradation 
temperatures, in LDH, are reduced. If it is of a lower level of sulfonation there is an 
increase in the temperature at which PSS degradation occurs. As explained above, 
increase or decrease in polymer degradation upon intercalation is based on the number of 
bonding sites along the polymer chain. The addition of 5.5% PSS, interferes with 13.2% 
PSS-LDH interactions by competing for LDH active sites and PSS interactions. Whereas 
in 0.8% PSS-LDH, 5.5% PSS contributes to the degradation temperature by offering 
more SO3 · substituents in close proximity and to occupy available sites on the LDH 
surface. Though polar and electrostatic interactions contribute to the change in 
degradation temperature, when multiple polymers are incorporated, x-x and van der 
Waals interactions dominate in a similar manner as in unsulfonated polystyrene. Thus, the 
result is degradation temperatures consistent with neat PSS. Thus far, we have found that 
CA samples have similar degradation temperatures, d-spacing and particle size in DTA, 
XRD and DLS, respectively. 
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Figure 4.8. OTA of PSS-LOH at 0.8, 5.5, 8.0 and 13.2% sulfonation, in the 8k polystyrene degradation 
region. 
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Thermal Gravimetric Analysis. To determine the percentage of polymer and H20 
present in each LOH sample, weight loss measurements using TGA were conducted. The 
quantity ofH20 in pristine LOH was the controlling variable for changes in H20 that 
occurred in the nanohybrids. This percentage was determined by measuring weight loss 
near ~50c -140c in pristine LDH and compared to published results. The DTA degradation 
temperature range determined for each PSS-LDH nanohybrid sample was used as a guide 
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for measuring TOA percent weightloss for PSS in LDH. We observed that as sulfonation 
level increased in both single and competitive adsorption samples, the percentage of PSS 
was reduced. This also holds true for the percentage ofH2O lost for SA nanohybrids. 
However, for competitive samples the weight loss ofH2O averaged 3.5 ± 0.4%. When 
more active sites are available on a single chain, fewer polymer chains are intercalated to 
fill vacant LOH electrostatic bonding sites. 
Spectroscopy of PSS-LOH. Figure 4.9 gives the transmittance of pristine LOH and PSS 
intercalated MgAl-LDH samples. It can be seen that the characteristic absorption bands 
of MgAl-LDH are 3475 (-OH), 1635 (H2O), 1385 (NO3") and 644 cm·• (M-O). For 
composite LOH samples, there is an absorption band at 3028cm·1 characteristic of PS, 
indicating successful intercalation of the polymer. In single adsorption samples, 
preparation by the templating method results in lack of uniformity among absorption 
bands, whereas competitive adsorption samples reflect more similar band structure 
caused by the addition of 5.5% PSS in each composite sample. Due to templating, single 
adsorption composites have dissimilar shapes and relative intensity of LDH bands at 
wavenumbers 1635 and 1385cm·1, indicative of water and NO3-bands. Samples with 
competing PSS chains adopt comparatively similar stretching in this region. Also, the 
variable distortion of these bands indicates that a composite rather than a simple mixture 
was formed. Around 113 tcm·1 the presence of a broad, irregular band indicates the 
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Figure 4.9. FTIR of single and competitive adsorption SK PSS-LOH composites 
Several samples were prepared in NMR solvent acetone-<4 to assess changes in polarity 
of PS as a function of sulfonation level, using electromagnetic spectroscopy. Confirmed 
by Sigma Aldrich, trace amounts of H20 and HDO were identified near 2.8ppm in pure 
acetone-<4. This finding was used as an internal standard ( and compared against TMS at 
Oppm) to quantitatively distinguish between samples with variable solubility, while using 
only milli-fractions of product and solvent. Figure 4.10 illustrates that as percent 
sulfonation increases, deshielding of the water peaks also increase. This is a clear 
indication of the increase in hydrophilic interaction of the sulfonated PS. At all levels of 
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sulfonation there is an increase in polymer-H20 hydrogen bonding. As percent 
sulfonation increases, however, there is also an increase in polymer-polymer hydrogen 
bonding across neighboring chains and within each chain. It is these interactions that 
significantly affect structural and thermal properties of the neat and intercalated polymer 
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Figure 4.10. 1H NMR of PSS in acetone-d6 comparing H20 positions. 
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Figure 4.11. Schematic of interaction occurring between PSS and H20 in acetone-d, 
1H 
NMR solvent. 
High resolution 1H NMR has not previously been used as a tool for analyzing inorganic 
clays because they lack solubility in organic, polar and aqueous solvents. Hybridization 
of inorganic compounds with hydrophobic organic polymer chains also results in 
resistance to solvents as an effect of the inorganic constituent having a higher density.99 
However, this research has identified a correlation between trace amounts of H20 in 
acetone-<4 solvent and the sulfonation level of polymer within LOH galleries. Similar to 
reports above on sulfonated PS, PSS-LDH nanohybrids also exhibit a shift in H20/HDO 
peaks as a function of polymer sulfonation (figure 4.12). Overall, LDH samples are 
found at least 2ppm further upfield from their corresponding unconjugated parent PSS. 
Relative to pristine LDH, nanohybrids with one type of polystyrene containing as little as 
0.80% sulfonation are shifted downfield, while those with higher levels up to 13.2% are 
upfield. In PSS, the properties are due to a competition between electrostatic interactions 
and hydrophobic ones. 79 There was a change in polymer hydrogen bonding caused by 
newly formed PSS-LOH interactions that induces variability of the chemical shift. 
Therefore, strong hydrogen bonding among PSS chains is reduced by even stronger 
electrostatic interactions between PSS and LOH. This is evident based on the change in 
the trend for shifting H2O/HDO peaks, which is inverted in the nanohybrid samples. 
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Figure 4.12. 1 H NMR expansion of competitive compared to single adsorption 8x 103 
gmor1 LDH nanohybrids using ~3.Smg/mL. 
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In contrast to the single polymer adsorption nanohybrids, the H2O/HDO peaks in 
competing polymer samples shift downfield as sulfonation increases for one of the two 
polymers. This is consistent with polymer that has not been intercalated within LDH 
galleries. As previously mentioned, when percent sulfonation increases for unsulfonated 
polystyrene, there is also an increase in the downfield shift of trace H2O/HDO peaks 
which indicates an increase in hydrogen bonding. Therefore, the similar deshielding shift 
in the CA nanohybrid indicates a change in polymer interchain interactions in order to 
accommodate each of the competing macromolecules on the LOH surface. Figure 4.12 
also shows that the peaks for CA samples do not align with either of its corresponding SA 
samples, which indicates that both polymers have been accommodated. 
Careful analysis of peak shifts, shape and splitting in I H NMR of the nanohybrids reveals 
significant correlations with XRD. NMR qualitatively derives the sequence of particle 
size, charge transfer, d-spacing and crystallinity in a sample set. Based on the templating 
method of synthesis, for SA samples, as sulfonation decreases there is a downfield shift in 
NMR H2O/HDO peaks corresponding to a reduction in XRD d-spacing at plane dooJ. In 
accordance, for CA samples there is also a reduction in XRD d-spacing which 
corresponds to NMR water peaks which also shift downfield. Qualitative analysis 
suggests that downfield NMR chemical shifts for PSS-LOH nanohybrids indicate smaller 
d-spacing while upfield shifts indicate larger d-spacing. In addition, sharper (or broader) 
NMR peaks coincide with sharper (or broader) XRD peaks which are an indication of 
crystallinity ( or lack thereof) in the clay. 
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Due to coupling from the D nucleus which has a nuclear spin quantum number I = 1, 
HDO appears as a triplet. Where the H2O peak is sharp and further downfield, there is 
more intense splitting of HOO triplicate peaks. Lack of splitting of HOO in 13.2% PSS-
LOH and pristine LDH are due to an increase in hydrogen bonding. At lower levels of 
sulfonation, less polar PSS interrupts this secondary interaction, which encourages scalar 
coupling within HOO molecules. Secondary bonds such as hydrogen bonding, reduces 
peak splitting whereas scalar coupling induces it. Consistent with NMR, FTIR and DLS 
results, at reflections doo91012and dooJ, 13.2% PSS intercalated LOH has d-spacing values 
more similar to neat LDH than the other nanohybrids. This supports our theory that NMR 
can be used to predict relative adsorption behavior in a given sample set. 
4.3.2 45x103 gmor1 PSS and PSS-LDH 
Spectroscopy of Polystyrene Sulfonation. In figure 4.13, FTIR confirms successful 
substitution of 45 x 103 PS resulting in formation of random copolymer containing PS 
and PSS. It has been previously confirmed that sulfonation of styrene (or polystyrene) 
occurs at the para position on the benzene ring. Similar to 8xl03 gmol"1 samples, in 
45x103 gmol"1 PSS, as the degree of sulfonation increased, the relative intensity of the 
C=C aromatic bands at 1493 and 1452cm·1 decreased, confirming structural changes in 
the sp2 hybridized carbon. In addition, the ratio between these aromatic doublets at 
1493cm·1 and hydration (H2O) band at 1634cm·
1 decrease, which confirms increasing 
polarity. As expected the absorption band at 3350 cm·1, indicates an acid O-H stretch 
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High resolution 1 H NMR was used for calculation of percent sulfonation of polystyrene. 
Keeping the molecular weight constant at 45x I 03 gmor1, the sulfonation level was varied 
for each sample by altering the concentration of H2S04 used and/or the length of time the 
materials were permitted to react. As proven in literature, 1H NMR is an effective 
method for determining the degree of sulfonation in polystyrene. Comparing each of the 
spectra reveals that as the degree of sulfonation increases from 2.5% to 7 .0%, the 
integration for vicinally coupled meta and para protons near 7 .1 ppm gradually decreases. 
58 
- Upon electrophilic aromatic substitution of the para proton, the acid proton of the newly 
associated sulfonate substituent inductively couples with the meta proton, resulting in an 
increase in integration at 7.35ppm. 
X-Ray Diffraction. The diffractogram in figure 4.14 displays 45x103 gmor1 PSS-LOH 
nanohybrids, prepared by the direct intercalation method, with a single polymer absorbed 
and with two polymers competitively absorbed. In accordance with the literature for 
MgAl-LOH, lattice planes doo3, do06 and doo91012 are the major identifying indices for the 
hydrotalcite-like compounds which have R3m symmetry. Relative to pristine LOH, 
samples containing PSS have sharper and more intense peaks in which Moujahid et al82 
attributes to hydrothermal treatment of nanohybrids with a PS base Mn in the range of 104 
gmor1• The amorphous polystyrene plays a small role in influencing the formation of the 
clay structure because it was prepared by the direct intercalation method. This is 
illustrated by the lack of change in the LOH clay structure as the degree of sulfonation 
increases for the intercalated PS. Competitive adsorption samples form more intimate 
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Figure 4.14. XRD of single adsorption and competitive adsorption 45K PSS~LDH nanocomposites 
Consistent with XRD results for 8xl03 gmor1 nanohybrids, table 4.4 displays an overall 
decrease in spacing between LDH layers for 45xl03 gmor1 PSS-LDH nanohybrids. 
Comparative studies were conducted at hk1 planes doo3, d()()6 and overlapping dooo1012 
which are the most intense peaks for hydrotalcite-like compounds. Observation with 
more discretion shows that, at plane doo3, the addition of PSS reduces the d-spacing for 
PSS-LOH composites containing PSS with a base weight of 45xl03 gmor1 relative to 
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pristine LDH. With the exception of2.9% sulfonation> the d-spacing plateaus at 7.8627 
A. The reflection distances for all other planes with samples containing PSS have smaller 
values than pristine LDH and are nearly identical. As illustrated by both SA and CA 
samples for 45x103 PSS-LDH nanohybrids> direct intercalation is the more favorable 
technique for preparing higher order crystalline composites of similar structure. This is 
evidence that multiple organic compounds (potentially including drugs and biomolecules) 
can be simultaneously carried by LDH delivery vehicles with little-to-no negative impact 
on the crystalline structure. 
Table 4.4. XRD d-spacing and angle positions of single adsorption and competitive adsorption LOH 
nanocomposites at 45k gmor1 PSS. 
d-Spacing Valu~ 
LOH Compound Anglet ('2Th) d-spacing(A) Angle 2 (°2Th) d-spacing (A) An~e 3 (02Tb) d-spacing (A) 
pristine LIii 10.515 8.04o62 20J26 4.3655 34,512 2.5r:j)7 
41o% 11.244 7.WJ27 22.447 3.9575 34-247 2.6162 
2.5o% 11.112 7.9562 22.447 3.9575 34,181 2.6211 
2.90% 11.244 7.8627 22.58 i9346 34247 2.6162 
5,tio% 11.244 7.WJ27 22.58 ~9346 34,313 2.6113 
~.6-4,1)% 11.244 7.WJ27 22.514 3.946 34.313 2.6113 
~.6-7.0)% 11.244 7.'ril27 22.58 3.9346 34.247 2.6162 
Derivative Thermal Gravimetric Analysis (DTA). Derivative thennal gravimetric 
analysis was used to determine changes in 45x l 03 gmol"1 polymer degradation as a 
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function of sulfonation level and intercalation. In contrast to previously discussed lower 
Mn samples (8 x 103 gmor1), figure 4.15 generally reveals that for 45x 103 gmor1 PSS, 
as sulfonation level increases degradation temperature decreases. At higher molecular 
weights, polymers tend to have greater chain entanglement and a reduction in segmental 
motion than at lower molecular weights. This results in lower overall thermal stability of 
45x 103 Mn sulfonated polymer relative to 8 x 103 Mn. The random distribution of large 
substituents at the para position of each monomer, along the polymer chain, contributes to 
the decrease in thermal stability of 45 x 103 Mn as sulfonation increases. Since the 
substituents are only added in the amorphous regions, there is a resulting reduction in 
'crystallizability' of the chains, which directly influences thermal capacity. This would 
result in some inhibition of the polar substituent's ability to fulfill its role to enhance 
thermal stability. Thus, the resulting effect is a reduction in degradation temperature. 
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Figure 4.lS. OTA of PSS at 2.5, 2.9, 4.1 and 5.6% sulfonation, in the 45K polystyrene degradation region. 
In contrast, 45x 103 gmor1 PSS intercalated into LDH has an average 90°C decrease in 
degradation temperature relative to the unconjugated PSS. It is also interesting to note 
that the degradation partially overlaps LDH transitions in the 300-330° range. 
Considering that the nanohybrids were prepared by direct intercalation, polymer 
incorporation into LOH is not homogeneous and seemingly did not diffuse efficiently 
across the two dimensions of the clays platelets at such low sulfonation levels. 
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Figure 4.16. OTA of PSS-LOH at 2.5, 2.9, 4.1 and 5.6% sulfonation, in the 45K polystyrene degradation 
region. 
In competitive intercalation studies, the samples have similar thermal stability. Unlike 8 x 
103 gmor1, the temperature is not near that of neat PS at 45 x 103 gmor1• In fact, it is 
about 1 ooc less than neat PS, but practically unchanged from the corresponding SA 
samples. Each competitive sample contains 5.6% PSS intercalated with another PS 
sample at either higher or lower sulfonation levels. To reduce variability of the results, 
equimolar amounts of each polymer (1 .3mmol) and Al(N03)3 were used. Using 5.6% 
PSS-LDH as the control for CA samples, it was detennined that thennal behavior 
depends on the relative degradation temperature of the nanohybrid with the lowest 
stability. As explained above, increase or decrease in polymer degradation upon 
adsorption is based on the number of bonding sites along the polymer chain. The 
evidence of competitive adsorption lies in the shape of the degradation curve. It is no 
longer sharp and biphasic, but broad and multiphasic. For 45 x 103 gmor1 samples 
prepared by direct intercalation, both single and competitive adsorption samples have 

















a 5.6% PSS-LDH 
b l~.b--tlJ% PSS LDH 
r ".6 7.0] 0 o PSS-LDH 
375 




Figure 4.17. DTA of PSS-LDH at 2.5, 2.9, 4.1 and 5.6% sulfonation, in the 45K polystyrene degradation 
region. 
Thermal Gravimetric Analysis. To detennine the percentage of polymer and H20 
present in each LDH sample, weight loss measurements using TGA were conducted. The 
quantity ofH20 in pristine LDH was the controlling variable for changes in H20 that 
occurred in the nanohybrids. This percentage was detennined by measuring weight loss 
near ~50c -140c in pristine LDH and compared to published results. We observed that as 
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sulfonation level increased in both single and competitive adsorption samples, the 
percentage of PSS increased. This also holds true for the percentage of H2O lost for SA 
nanohybrids. However, for competitive samples the weight lost for H2O averaged 6.2 ± 
0.34%. 
Spectroscopy of PSS-LDH nanohybrids. Figure 4.18 gives the transmittance of pristine 
LDH and 45x103 gmor1 PSS adsorbed MgAl-LDH samples prepared by the direct 
intercalation method. For composite LOH samples, there are a set of absorption bands at 
3024cm-1 characteristic of PS, indicating successful adsorption of the polymer. 
Preparation using the direct intercalation method, results in similar shapes and intensity 
amongst absorption bands for all samples. This similarity is an indication of uniformity in 
the clay lattice and in PSS adsorption throughout each nanohybrid. Unlike the templating 
method, the presence of PSS does not have a significant effect on composite formation 
when the direct method is used. In this case, the polymer has to conform based on the 
structure of the LDH in order to maneuver between the layers or attach to the surface and 
edges of LDH sheets. Similar to the templating method, the change in peak intensity and 
broadness of the PSS-LDH (relative to pristine LOH) water and NO3-bands indicate that 
a composite rather than a physical mixture was formed. It was previously hypothesized 
that near 1131cm-• a broad, irregular band was present for nanohybrids prepared with PSS 
substituted with 8.0% or greater sulfonate substituents. It is worth mentioning, however, 
that for 45x 103 gmor1 PS containing less than 8.0% sulfonation the peak is not present. 
We can therefore report that this band may be a key indication of the level of sulfonation 
of PS when comparing a series of samples. 
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Figure 4.18. FTIR of single and competitive adsorption 45K PSS-LOH nanohybrids 
Several NMR samples were prepared in acetone-~ to assess changes in polarity of the 
45x 103 gmor1 PS as a function of sulfonation level. Confirmed by Sigma Aldrich, trace 
amounts ofH2O and HOO were identified near 2.8ppm in pure acetone-d6 solvent. This 
finding was used as an internal standard (and compared against TMS at 0ppm) to 
quantitatively distinguish between samples with variable solubility, while using only 
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milli-ftactions of product and solvent. Figure 4.19 illustrates that as percent sulfonation 
increases to 5.6%, deshielding of the water peaks gradually shifts downfield near 4.0ppm. 
This is a clear indication of the increase in hydrophilicity of the sulfonated PS. 
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Figure 4.19. 1H NMR of 45k PSS in acetone-d6 comparing H20 positions using ~3.5mg/0.5mL 
It was previously discussed that high resolution 1H NMR has not previously been used as 
a tool for analyzing inorganic clays because they lack solubility in organic, polar and 
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aqueous solvents. Since this research has identified a correlation between trace amounts 
ofH2O in acetone-~ solvent and the sulfonation level of polymer within LDH galleries, 
we used this technique to detennine binding activity for the PSS-LOH composites. 
Similar to reports on sulfonated PS, PSS-LDH nanohybrids also exhibit a shift in 
H2O/HDO peaks as a function of polymer sulfonation (figure 4.20); though the 
nanohybrid shifts are found approximately 2ppm further upfield. Unlike low Mn PSS-
LOH nanohybrids prepared by the templating method, higher Mn PSS-LDH nanohybrids 
reveal a downfield shift as sulfonation level increases. For example, 2.5% PSS-LDH 
shifts to 2.85ppm, whereas 5.6% PSS-LDH is found at 2.88ppm. The direction of the 
shift is consistent with the downfield shift observed for unconjugated PSS as sulfonation 
level increases. The downfield shift is most likely due to the method of preparation of the 
nanohybrids. Since the LDH was formed prior to the addition of PSS, when adsorbed the 
macromolecule was forced to rearrange itself in order to occupy the available 
electrostatic sites at the surface and on the edges of the LDH. As evidenced by TGA 
calculations, more H2O is able to occupy the empty space in and around layers, in order 
to donate charge to the lightly polarized polymer. For instance, at 5.5% sulfonation, 
samples prepared by the templating method have a calculated H2O percent of 5.4, while 
samples via direct intercalation have 6.5% H2O. Therefore, adsorption occurs, but is 
supported by hydrophilic interactions as the degree of sulfonation increases. 
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Figure 4.20. 1H NMR expansion of competitive compared to single adsorption LOH nanohybrids using 
~3.5mg/mL. 
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Consistent with the single polymer adsorption nanohybrids, the aqueous peaks in 
competing polymer samples shift downfield as sulfonation increases for one of the two 
polymers. As previously mentioned, when percent sulfonation increases for polystyrene, 
there is an increase in hydrogen bonding and hydrophilicity. As indicated by figure 4.17, 
a small shift downfield implies that there is less homogeneous charge transfer from H20 
to PSS, due to an increase in PSS interactions amongst chains with differing degrees of 
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sulfonation. Deshielding in the CA nanohybrids occurs when there is a change in polymer 
interchain interactions to accommodate each of the competing macromolecules. Figure 
4.17 shows that the peaks for CA samples do not exactly align with either of its 
corresponding SA samples, which indicate that both polymers have been accommodated. 
Careful analysis of peak shifts, shape and splitting in I H NMR of the nanohybrids reveals 
significant correlations with XRD. NMR qualitatively predicts d-spacing and 
crystallinity. Relative to the direct intercalation method of preparation, all nanohybrid 
samples reveal a downfield shift in H20/HDO peaks corresponding to a reduction in d-
spacing at plane dooJ. As previously stated, qualitative analysis suggests that downfield 
shifts for PSS-LDH nanohybrids indicate smaller d-spacing while upfield shifts indicate 
larger d-spacing. In addition, the sharper NMR peaks in this work coincides with sharp 
XRD peaks which are an indication of high levels of crystallinity in the clay. Where the 
H20 peak is sharp and further downfield, there is more intense splitting of HDO triplicate 
peaks. Lack of splitting of HOO in competitive LOH nanohybrids is due to an increase 
in hydrogen bonding. At lower levels of sulfonation, less polar PSS interrupts this 
secondary interaction, which encourages scalar coupling within HOO molecules. 
Secondary bonds such as hydrogen bonding, reduces peak splitting whereas scalar 
coupling induces it. 
4.4 Conclusion 
In this work, sulfonated polystyrene and polystyrene-LOH nanocomposites were 
prepared and analyzed using NMR, FTIR, XRD, DLS and TGA. Previously Moujahid et 
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al82 prepared ZnAl-Cl LDH NCs using the templating method and in situ polymeriution. 
He identified evidence that each method produces differences in crystallinity and 
structural stability. In this work, it was determined that the method of preparation, e.g. 
templating and direct intercalation, also have a significant impact on the resulting 
composite properties. We are reporting that for 8x103 and 45xt<>3 gmor1 PSS-LDH 
nanohybrids prepared by templating or direct intercalation, 1H NMR predicts the 
sequence of d-spacing and crystallinity in a sample set. More importantly, it qualitatively 
distinguishes between binding among neat samples and nanohybrids. Polystyrene 
sulfonated at 13.2% and composites prepared by the templating method exhibited the 
most favorable properties for PSS-LDH nanocomposites used for potential biomedical 
applications. It had the smallest particle size (-40run) near that of pristine LDH, was the 
most thermally stable nanohybrid and permitted incorporation of multiple organic 
compounds simultaneously. 
CHAPTERV 
INTERCALATION AS A FUNCTION OF MOLECULAR WEIGHT 
5.1 Introduction 
In the previous chapter, we investigated structure-property relationships of PSS-LOH at 
constant molecular weight and variable sulfonation levels. In this chapter, we intend to 
extend that understanding to variable molecular weights at similar sulfonation levels. 
Therefore, we focused on adsorption behavior of M8JAl(OH)6NO3 • mH2O with partially 
charged straight-chain PS at 8k, 20k, 30k and 45k number average molecular weight with 
approximately 5% sulfonation (PSS) of each. We intend to identify and explain 
differences in the nanohybrid properties as a function of the differences in molecular 
weight. 
5.2 Material Synthesis and characterization 
All of the polystyrene samples, excluding 8k PSS, were purchased from Sigma Aldrich. 
Sulfonation of polystyrene, preparation of pristine LOH and conjugation of PSS-LOH 
nanocomposites were conducted as described in chapter IV. Only 45k PSS-LDH was 




5.3 Results and discussion 
Spectroscopy of Polystyrene Sulfonation. In figure 5 .1, FTIR confirms successful 
substitution of 8k, 20k, 30k and 45k PS resulting in formation of random copolymers 
containing both PS and PSS. The intensity of the bands at 1493 and 1452 cm·1, assignable 
to the C=C aromatic vibrations for benzene, was previously determined to be sensitive to 
sulfonation level. As the molecular weight increased at similar sulfonation levels (near 
5%), the relative intensity among bands located at 1493 and 1634 cm·' were also similar, 
confirming consistent structural changes in the sp2 hybridized carbon. The broad and 
strong absorption band at 3350 cm·1 indicates an acid 0 -H stretch occurring due to the 
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Figure S.1. FTIR of 8k-45k PSS at approximately 5% sulfonation 
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1 H NMR was used for calculation of percent sulfonation for polystyrene at 8k, 20k, 30k 
and 45k molecular weight. Keeping the sulfonation level near 5%, the molecular weight 
was varied for each sample. As proven in literature, 1H NMR is an effective method for 
determining the degree of sulfonation in polystyrene. Comparing each of the spectra 
reveals that at similar sulfonation levels and variable molecular weight, the integration 
for vicinally coupled meta and para protons at 7.1 ppm is also similar. Upon electrophilic 
aromatic substitution of the para proton, the acid proton of the newly associated sulfonate 
substituent inductively couples with the meta proton, resulting in an increase in 
integration at 7.35 ppm. 
X-Ray Diffraction. The diffractogram in figure 5.2 displays LDH samples with varying 
polystyrene base weights, but all have sulfonation levels near 5%. In accordance with the 
literature for MgAl-LDH, lattice planes dooJ, doo6 and do09JOI2 are the major identifying 
indices for the hydrotalcite-like compounds which have R3m symmetry. Considering 
that in diffraction crystallography sharper peaks indicate higher order systems, relative to 
pristine LOH, the samples containing PSS have sharper and more intense peaks. This 
contrasts the observations reported in chapter IV where PSS-LOH composites measured 
the effects of PSS as a function of sulfonation level and were prepared by the templating 
method. The samples with variable sulfonation levels resulted in a more amorphous or 
deformed clay crystalline structure, while those with variable molecular weights were 
more crystalline. At 45k PSS, however, the LOH nanohybrid is more ordered than the 
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Overall, table 5.1 displays a decrease in spacing between LDH layers for the PSS-LDH 
nanohybrids as molecular weight increases. Comparative studies were conducted at hid 
planes doo3, doo6 and overlapping do091012 which is the most intense peaks for hydrotalcite-
like compounds at 100, 39 and 2.1/21.3 respectively. Observation with more discretion 
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shows that, for plane doo3, at Mn 30k there is a slight increase to 8.0038 A followed by a 
decrease to 7.8627 A for 45k PSS-LDH. The small shift can be explained by the Rivnay 
et al work where it is determined that slight shifts in composite XRD indicates 
coexistence of each component whereas, new peaks indicate intercalation and expansion 
ofLDH layers. The interruption in consistently decreasing may be due to the fact that 
45K was not prepared using the same method as the other samples, which may have 
contributed to the inconsistency. Ultimately, there is little change in d-spacing as a 
function of Mw when sulfonation level is low. 
Table 5.1. XRD d-spacing and angle positions ofLDH nanocomposites at 8k-45k gmor1PSS 
d-Spacing Values 
LDH Qlmpound Anglet (02Tb) d-spacing(A) Angle 2 (02Tb) d-spacing (A) Angle 3 (02Tb) d-spacing (A) 
pristine LDH 10.515 8.04062 20.326 4.3655 34.512 2.5967 
8k 11,244 7.8627 22.646 3,9232 34446 2.6016 
20k 11.311 7.8168 22.646 3,9232 34446 2.6016 
30k 11.046 8.0038 22447 3,9575 34.38 2.606 
45k 11,244 7.8627 22.58 3,9346 34.247 2.6162 
Derivative Thermal Gravimetric Analysis. (OTA) Derivative thermal gravimetric 
analysis was used to determine changes in polymer degradation as a function of 
molecular weight and adsorption. Figure 5.3 generally reveals that as the molecular 
weight of polystyrene increases from 20k to 45k, degradation temperature also increases 
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for PSS samples with approximately 5% sulfonation. However, at 8x103gmor1 and 5% 
sulfonation, rather than the expected reduction in degradation temperature, there is a 
significant increase above that of 4.5x 104 gmor1 PSS. We must consider that at 8k the 
chains are one order of magnitude shorter than the other PSS samples at 104gmor1• In 
general, this may be a result of less chain entanglement and greater segmental motion 
associated with lower Mn polymers. As mentioned in the previous chapter, at low Mn 
sulfonation increases thermal stability while at high Mn, sulfonation decreases thermal 
stability. Therefore at 8k, PSS has a thermal advantage over 104 Mn polymers allowing it 
to form stronger secondary interactions, which increase the polymers thermal stability. 
At this molecular weight the change in free volume significantly affects PS ability to 
enhance chain ordering. 
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Figure 5.3. DTA of- 5.5% PSS at 8k, 20k, 30k and 45k at the polystyrene degradation region. 
In contrast, PSS adsorbed onto LOH layers has reduced degradation temperatures for 
polystyrene with Mn between 8k and 45k at approximately 5% sulfonation. An increase in 
electrostatic interactions between PSS and LOH reduces hydrogen bonding and 1t- 1t 
stacking among neighboring polystyrene chains. Weaker van der Waals interactions along 
the polymer backbone become the primary interaction among chains. Though the 
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degradation range is nearly the same ( or greater) at 8k Mn there is a 95 °c decrease in the 
temperature at which the maximum amount of PSS degrades upon adsorption onto LDH 
layers. Whereas~ at Mn ranging from 20k-45k, there is a decrease of only 50 °c or less for 
nanocomposites prepared by the templating method. At approximately 5% sulfonation of 
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Figure S.4. OTA of - 5.5% PSS and PSS-LOH at 8k, 20k, 30k and 45k at the polystyrene degradation 
region. 
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Thermal Gravimetric Analysis. To detennine the percentage of polymer and H2O 
present in each LDH sample, weight loss measurements using TGA were conducted. The 
quantity of H2O in pristine LDH was the controlling variable for changes in H2O that 
occurred in the nanohybrids. This percentage was detennined by measuring weight loss 
near ~50c-l 40c in pristine LDH and compared to published results. The DTA degradation 
temperature range determined for each PSS-LDH nanohybrid sample was used as a guide 
for measuring TGA percent weight loss for PSS in LDH. We observed that as molecular 
weight increased, for PSS-LDH nanohybrids of Mn 8k-45k at approximately 5% 
sulfonation of PS, the percentage of PSS lost during heating increased from 26.38% to 
> 31 % PSS. This also holds true for the percentage of H2O lost for the nanohybrids. There 
is a 1.1 % increase in H2O as Mn increases from 8k to 45k. Consistent with literature, as 
PS molecular weight increases more polymer is adsorbed indicating there is a preference 
based on hydrophobicity, and perhaps there is an optimal balance with regards to 
hydrophobicity to hydrophilicity. 
Spectroscopy of PSS-LDH nanohybrids. Figure 5.5 gives the transmittance of pristine 
LDH and PSS intercalated MgAl-LDH samples. Successful formation of LDH is 
represented by the characteristic absorption bands ofMgAl-LDH at 3475 (-OH), 1635 
(H2O), 1385 (NO3") and 644 cm·1 (M-O). Consistent with the previously mentioned PSS-
LDH nanohybrids, there is an absorption band at 3028cm·1 characteristic of PS, 
indicating successful conjugation of the polymer on LDH sheets. Due to preparation 
using the templating method for 8k, 20k and 30k nanohybrid samples and direct 
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intercalation for the 45k PSS-LDH sample, there is a clear difference in the broadness of 
the N03- bands. Composites that very by molecular weight also experience dissimilar 
bond stretching which results in variations of band shapes and relative intensity of LDH 
bands found at wavenumbers 1635 and 1385. As the molecular weight increased at 
sulfonation levels near 5%, the relative intensity of the H20 band to N03- remained 
constant, confirming consistent structural changes. Templating builds the LDH according 
to the spatial arrangement of the monomers in the polymer chain. The variable distortion 
of the LDH water and N03· bands indicates that a composite rather than a simple mixture 
was formed. 
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Figure 5.5. ITIR of LOH nanohybrids containing ~5.5% PSS at 8k, 20k, 30k and 40k M0 • 
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Several NMR samples were prepared in acetone to assess changes in polarity of PSS as a 
function of molecular weight. Confirmed by Sigma Aldrich. trace amounts of H2O and 
HDO were identified near 2.8ppm in pure acetone-'4. This finding was used as an 
internal standard (and compared against TMS at 0ppm) to quantitatively distinguish 
between samples with variable solubility, while using only milli-fractions of product and 
solvent. Figure 5.6 illustrates that as molecular weight increases for PS with 
approximately 5% sulfonation, deshielding of the water peaks also increase. This is a 
clear indication of the increase in hydrophilic interaction of the sulfonated PS. Though 
the sulfonation level is similar, the actual number of hydrophilic sites is greater in 45k 
than in 8k M0 PSS. Therefore, we expect there to be slightly more charge transfer from 
H20 to the higher M0 samples, which is illustrated by a downfield shift in H20/HDO 
peaks. We can predict that these interactions significantly affect structural and thermal 
properties of the neat and intercalated polymer as well as exchange capacity of the LDH 
nanohybrid. 
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Figure S.6. 1H NMR of containing 8k, 20k, 30k and 45k PS at ~5.5% sulfonation using - 3.5mg/0.5mL. 
High resolution 1H NMR has not previously been used as a tool for analyzing inorganic 
clays because they lack solubility in organic, polar and aqueous solvents. However, this 
research has identified a correlation between trace amounts of H20 in acetone-<:4 solvent 
and the sulfonation level of polymer within LOH galleries. Similar to reports on 
sulfonated PS mentioned in the previous chapters, this report also identifies that PSS-
LOH nanohybrids exhibit a shift in aqueous peaks (figure 5.7). In this case, we are 
studying PSS-LOH nanohybrid chemical shifts at the H20/HDO peaks as a function of 
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Mn- Relative to the control, nanohybrids with polystyrene containing approximately 5% 
sulfonation at molecular weights in the range of 8k, 20k, 30k and 45k, experience a 
downfield shift as Mn increases. Similarly, it was previously proven that DTA illustrates 
enhanced thermal behavior also as Mn increases. Not to mention, in Hi-Res 1H NMR we 
observed that as Mn increases, charge transfer from H2O to PSS nanohybrids also 
increases, resulting in a gradual downfield shift of the aqueous peak. In addition, as 
demonstrated by DTA, 8k PSS-LDH nanohybrids exhibit extraordinary character relative 
to the other Mn samples. Instead of following the deshielding trend, this nanohybrid 
exhibits opposite behavior by revealing a shift further upfield from 45k. Again, this may 
be due to a greater degree of chain entanglement experienced for PSS with an order of 
magnitude above 8k Mn. Relative to unconjugated PSS, the direction of the shift for 
H2O/HDO peaks in the PSS-LDH nanohybrids, as a function of Mn, is inverted. We can 
predict that there was a decrease in PSS hydrogen bonding caused by newly formed PSS-
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Figure 5.7. 1H NMR expansion ofLDH nanohybrids conntining ~5.5% PSS at 8k, 20k, 30k and 40k M. 
using - 3.5mg/0.5mL. 
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Careful analysis of peak shifts, shape and splitting in 1H NMR of the nanohybrids reveals 
significant correlations with XRD. NMR qualitatively predicts d-spacing and 
crystallinity. More importantly, however, it identifies changes in binding amongst PSS 
and PSS-LDH samples. For example, relative to the control, pristine LDH, as the 
H20/HDO peaks migrate downfield, there is a reduction in d-spacing at reflections doo3, 
do06 and doo91012 in XRD. Qualitative analysis suggests that downfield shifts for PSS-
LDH nanohybrids, as a function of molecular weight, indicate smaller d-spacings while 
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upfield shifts indicate larger d-spacings. In addition, broader NMR peaks coincide with 
broader XRD peaks which are an indication of amorphosity in the structured clay. Due to 
coupling from the D nucleus which has a nuclear spin quantum number I = 1, HOO 
appears as a triplet. Where the H20 peak is sharp and further downfield, there is more 
intense splitting of HDO triplicate peaks. Less splitting of HDO in 8k PSS-LDH and 
pristine LDH are due to an increase in hydrogen bonding based on the number of bonding 
sites (rather than percent}. At 45k, it is attributed to a different method of preparation 
resulting in a different composite morphology. At lower molecular weights, fewer 
polymer chains are adsorbed and a lower number of polymer hydrophilic or polar 
bonding sites are available, which interrupts this secondary interaction in aqueous 
solution and encourages scalar coupling amongst HOO molecules. In other words, there 
is less interaction between the sulfonated polymer and HDO at high shielding and low 
splitting. This means that PSS has a stronger interaction with LOH for samples prepared 
by the templating method and is illustrated by higher degradation temperatures. 
5.4 Conclusion 
In this study, we have sulfonated several polystyrene samples which consist of 8k, 20k, 
30 and 45k gmol"1 in the base chains. Both direct intercalation and templating were used 
to prepare the nanohybrids to study changes in properties as a function of molecular 
weight. It was determined that when comparing nanocomposite samples at different 
orders of magnitude, the shortest chain has more favorable charge transfer properties. 
88 
When comparing samples with the same order of magnitude, the largest chain has the 
most favorable thermal properties. Those properties include higher thermal stability for 
both neat and composite samples. In addition, it was found that I H NMR has diagnostic 
capabilities in determining the sequence of crystallinity and binding in a sample set 
relative to polystyrene molecular weight. 
CHAPTER VI 
Drug Release from Optimal Drug Delivery Vehicle 
6.1 Introduction 
Layered double hydroxides, or LDHs, are a class of inorganic layered clays targeted for a 
variety of applications including catalysis, adsorption, nanocomposites and drug delivery. 
Namely, the biomedical applications, such as drug delivery and release-control agents, 
are considerably investigated owing to their low cytotoxicity, high biocompatibility and 
good suitability in cellular and animal systems. 100•101 The most significant factors that 
prevent the use of LDHs as drug delivery vehicles is their lack of water solubility and 
controlled release. In the previous chapters, we have identified the optimum PSS-LDH 
nanohybrid that has the most favorable properties for potential biomedical applications. 
PSS with high sulfonation levels at 13.2% and lower Mn (8xl03 gmor1) had the highest 
thermal stability, smallest particle size and largest d-spacing of the sample set. In this 
work, we are testing the hypothesis that the 13.2% PSS-LDH can slow the release rate 
and increase the thermal stability of model drug RhBB when intercalated into LDH. 
6.2 Material Synthesis and characterization 
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Anionic polymerization of styrene, sulfonation of polystyrene and conjugation of 13.2% 
PSS-LDH were prepared as described in chapter IV. 
Sulfonation of PEG. PEG was terminally sulfonated (sPEG) using a similar method to 
that used for sulfonation of PS. The initial steps were the same, but precipitation of the 
soluble polymer changed.102 sPEG was immediately neutralized by the addition of SmL 
18N NaOH solution. After rotoevaporating the solvent, the remaining residue was 
dissolved in ethanol and centrifuged to separate out the inorganic salt. The residue was 
re-dissolved in dichloromethane and allowed to stir overnight, followed by precipitation 
in hexane and filtration. The product was dried in a low pressure vacuum oven at about 
3s0c. 
Figure 6. I. Illustration of general procedure for the preparation of sulfonated PEG 
Preparation of RhBB/PSS-LDH and RhBB/PSS/PEG-LDH composites. RhBB/PSS-
LDH was prepared similarly to the composite samples discussed in chapter IV but with 
several modifications. RhBB and PSS were mixed together, pre-dissolved in acetone and 
allowed to stir overnight. The composite was prepared using the templating method, thus, 
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the organic solution was added to the reactor prior to titrating the mixed salt solution 
against NaOH. A small aliquot was removed after aging the as prepared LDH overnight 
in order to analyze the progress of the reaction. Following, sPEG was dissolved in 6mL 
of purified H2O, purged and added to the reaction flask. Reactivity for the formation of 
RhBB/PSS/PEG-LDH was conducted over 48 hours stirring at 40°C. 
Acetone, 2hr, 25°C 
PEG 








Sample preparation for Drug Release Study. To measure the release behaviors of 
Rhodmine B Base (RhBB) from physical mixture LDH, reaction mixture PSS-LDH and 
PSS/PEG-LDH, pristine LDH and LDH nanocomposite powders containing 3.3mg of 
RhBB were each separately prepared. A physically mixed powder ofLDH and RhBB 
was used as the control. Each composite powder was added to 100 ml of phosphate-
citrate buffer solution (pH 7.5) and allowed to stir at 37°C. During specified time 
intervals, a 3-5.0 ml aliquot of the solution was removed and replaced with fresh buffer 
solution. The absorbance of the solution at the Amax ofRhBB (552nm) was measured and 
plotted as the release percentages of RhBB against time. 
6.3 Characterization Results and discussion 
Spectroscopy of Sulfonated PEG. In figure 6.3, FTIR displays successful substitution of 
co-hydroxy-cx-methoxy-PEG at the -OH terminal, resulting in formation of methoxy-
PEG-sulfonic acid. End group substitution is clearly illustrated by changes in band 
vibrations in two regions. At wavenumber 1500 cm·1 the initial band is a single stretch, 
but upon sulfonation there is doublet stretching. In addition, at 3500 cm·1 the intensity of 
the band significantly increased. In methoxy-PEG-sulfonic acid, the ratio of the acid band 
to the aliphatic region (2700 cm-1) increases nearly to 1: 1. 
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Figure 6.3. FTIR of neat PEG and sPEG samples prepared using dry KBr. 
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NMR (figure 6.4) confirms conjugation of ro-hydroxy-a.-methoxy-PEG to form a more 
acidic polyglycol. The chemical shift of the hydroxyl proton is found at 7.290ppm. At 
the same concentration, the chemical shift of the sulfonic acid proton also encompasses 
this region. Changes in hydrogen bonding occurring between acid substituents (rather 
than hydroxyl groups) results in broadening of the peak for the protic proton. 
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Figure 6.4. 1H NMR of neat PEG and sPEG in acetone-d6. 
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Spectroscopy of RhBB/PSS/PEG-LDH. The derivatized PEG was employed to modify 
Mg- Al LDH. It can be seen that the characteristic absorption bands ofMgAl-LDH are 
present at 3475 (-OH), 1635 (H2O), 1385 (NOn and 644 cm·1 (M-O). For composite 
LDH composites, there is an absorption band at 3028cm·1 characteristic of PS, indicating 
successful intercalation of the polymer. As reported by Li et al, 102 sulfonate terminated 
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PEG could assemble more stable polymer layers on the LOH surfaces, caused by the 
polymer's polar covalent properties derived from the alternating alkyl and electronegative 
oxygen segments. PEG can dissolve in both water and organic solvents which provides a 
balance of hydrophobic to hydrophilic ratio. This makes PEG sustainable in many 
different systems. 
As determined in the previous chapters, templated composites have dissimilar shapes and 
relative intensity of LDH bands at wavenumbers 1635 and 1385cm·1, indicative of water 
and N03·. With the addition ofRhBB to form RhBB/PSS-PEG, the N03·peak drastically 
sharpens as a result of interference of the nitrate-LOH interaction caused by the presence 
of the hydrophobic drug. FTIR spectra of the RhBB/PSS/PEG-LOH nanocomposites in 
Fig. 6.5 showed a new peak around 1100 cm- 1• This is an indication of successful 
conjugation of PEG. It is worth mentioning, that PEG modification does not change the 
particle size, but the particle shape becomes truncated disks. 102 
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Figure 6.S. FTIR comparing absorption bands of pristine LDH, 13.2% PSS-LOH, RhBB/PSS-LDH and 
RhBB/PSS/PEG-LDH composites 
1 
H NMR was used to study the binding activity of the drug containing composite 
samples. Similar to reports on sulfonated PS from the previous chapters, RhBB/PSS-
LDH and RhBB/PSS/PEG-LDH also exhibit a shift in H20/HDO peaks as a function of 
97 
the presence of both hydrophobic and hydrophilic organic molecules (figure 6.6). It has 
already been determined that PSS-LOH has a chemical shift slightly downfield from 
pristine LOH. However, the H20/HDO peaks in RhBB/PSS-LDH has an upfield shift 
from the unconjugated control. This is consistent with lack of charge transfer from H20 
to the hydrophobic organic compound. Since these peaks shifted further upfield from 
pristine LOH, it implies that RhBB has a strong influence on the formation of the 
composite. However, since structure-property relationships were conducted only on 
partially hydrophilic PS electrolytes, we cannot conclude reasoning for the upfield shift. 
With the addition of sPEG at the LOH surface, the H20 peaks migrated back downfield 
because of the increase in hydrophilicity that offsets the hydrophobicity of RhBB. The 
benefit is that the further upfield the shift, the more stable the compound. Therefore, we 
expect a significant increase in stability for RhBB/PSS-PEG-LDH. 
Where the H20 peak is sharp there is more intense splitting of HOO triplicate peaks 
relative to pristine LOH. The hydrophobic RhBB model drug lacks polarity and therefore, 
interrupts hydrogen bonding between PSS and H20, in a similar manner to the lightly 
sulfonated PSS samples discussed in the previous chapters. This behavior encourages 
scalar coupling amongst HOO molecules, increasing splitting in RhBB/PSS-LDH. As 
previously proven, for organic compounds with at least partial solubility, when adsorbed 
onto LOH layers, the gradual shift downfield indicates a smaller d-spacing. This holds 
true for the completed delivery vehicle which migrates back downfield with the addition 
of highly soluble sPEG. 
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Figure 6.6. 1H NMR expansion of pristine LDH and LDH composites containing 13.2% PSS, RhBB/PSS 
and RhBB/PSS/EPEG in acetone-d6 at concentration ~3.5mg/mL. 
X-Ray Diffraction. The diffractogram in figure 6.7 displays LDH samples at each 
intermediate step in the formation of the optimal drug delivery vehicle. In accordance 
with the literature for MgAl-LDH, lattice planes doo3, do06 and do091012 are the major 
identifying indices for the hydrotalcite-like compounds which have R3m symmetry. As 
previously mentioned, in diffraction crystallography, broader peaks indicate amorphosity 
or lower order crystals, while sharper peaks indicate higher order systems. Relative to 
pristine LDH, the samples containing 13.2% PSS have a sharper and more intense peak at 
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planes dooJ and d006. These samples resulted in a more crystalline clay structure. As each 
component is added to the nanohybrid system, the sharpness, and therefore crystallinity 
of the drug delivery vehicle also increases. However, the reduction in basal spacing after 
PEG modification indicates that the hydrophilic polymer cannot intercalate into the 
LDH's galleries.102 
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Figure 6.7. XRD ofLDH nanohybrids containing 13.% PSS, 13.% PSS-RhBB and 13.% PSS-RhBB-PEG 
delivery vehicle. 
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With the addition of each component, comparing pristine LDH, PSS-LDH, RhBB/PSS-
LDH and RhBB/PSS/PEG-LDH, it is observed in table 6.1 that theta increases and d-
spacing gradually decreases at dooJ. For example, at hid plane dooJ, pristine LDH is found 
at 10.515c 20 with d-spacing of 8.0406A and decreases to 8.0038 A for 13.2% PSS-
LDH, 7.8168 A for RhBB/PSS-LDH and 7.7265 A for RhBB/PSS/PEG-LDH at 11.443c 
20. While hydrothermal treatment exfoliates pristine LDH layers increasing d-spacing, 
heating at 110°C for 16 hours anneals PSS and PEG conjugated at the LOH surface. PS 
has a typical T g near 100°C and PEG near -60°C, which permits better packing when 
annealed. The reduction in d-spacing may be a result of greater diffusion of polymer 
anion along the LDH surface and edges followed by more compact stacking of the LDH 
platelets. 
Table 6.1. XRD d-spacing values and angle positions for LDH nanohybrids containing 13.2% PSS, 
PSS/RhBB and PSS/RhBB/PEG 
d-Spacing Values 
LDH Compound Angle 1 (
0
2Tb} d-spaciug (A) An~e 2 (
0
2Tb) d-spacing (A) Angle 3 (
0
2Tb) d-spacing (A) 
pristine LDH 10.515 8.04062 20J26 4J655 34.512 2-596 
~ 11.046 8.0038 22.243 3.8239 34.711 2-5823 
RhBB-PSS 11.311 7.8168 22.m 3.9007 34446 2.6016 
Rl1BB-PSS-PEG 11.443 rr265 22.845 3.8895 34.578 2-5919 
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Derivative Thermal Gravimetric Analysis. (DTA) Derivative thermal gravimetric 
analysis was used to determine changes in thermal stability of the organic guest 
molecules as a function of sulfonation level and/or adsorption onto MgAl-LDH layers. 
Upon sulfonation, though the range at which degradation occurs is nearly unchanged, the 
temperature at which the maximum amount of PEG degrades per degree Celsius is a 
broad range around 313 .28°C, whereas for neat PEG it is a narrower range around 343°C. 
This is due to a shift in the interaction between chains induced by hydrogen bonding 
amongst oxygen and hydrogen atoms at the strong -SO3H acid substituent. 
102 
1.0 
344.38°c SK :\"eat PEG 





0.6 i _, - 313.28° ' .. 05 :°L 







100 200 300 400 ~00 600 
Temperature (0C') 
Figure 6.8. DT A of neat PEG and sPEG in the major degradation region. 
The model drug used for this study, rhodamine b base (RhBB), has an average 
degradation temperature of 322.40°C for the major component in the sample, while 
13.2% PSS in LDH degrades at 435.89°C. After mixing the organic compounds and 
simultaneously intercalating them into LDH, using the templating method, the resulting 
degradation for the organic guests was an average (383.94°C) of the independent values 
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for RhBB and 13.2% PSS in LOH. It has previously been shown that the hydrophobic 
drug, RhBB, forms fairly strong interactions with hydrophobic polymer. 103 Considering 
that the mixture was prepared in acetone, a solvent much more polar than RhBB, the 
attraction is strengthened by surfactant-like behavior of PSS. Incorporating RhBB into 
the LDH matrix via non-covalent mixing with partially charged PSS, reduces volatility of 
the model drug as PSS-LOH acts as an insulator protecting it from pre-mature 
degradation. Therefore, we observe a slight decrease in PSS stability and a simultaneous 
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Figure 6.9. DT A of the model drug RhBB, 13 .2% PSS-LDH and the intercalated drug/polymer composite 
(RhBB/PSS-LDH) in the major degradation region. 
104 
The purpose for substituting the hydroxyl terminal of PEG for a sulfonated terminal was 
to induce conjugation of the water-soluble polymer onto the LOH surface, in order to 
increase nanohybrid solubility. As illustrated by figure 6.10, there is an increase in 
thermal stability of the organic guests of nearly 20°C. Though the transitions overlap 
from 250-475°C, the thermogram clearly reveals two transitions occurring which 
correspond to PEG and RhBB/PSS within the LOH layers. 
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Figure 6.10. DTA of the sPEG, RhBB/PSS-LDH and the complete composite (RhBB/PSS/PEG-LDH) in 
the major degradation region. 
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6.4 Release Study 
Drug release studies were conducted on the model drug delivery system to determine the 
release rate and ensure that the vehicle reduces the burst effect and aids in controlled 
dispersion of the drug. The drug release properties ofRhBB from the LDH nanohybrids 
were studied at a constant temperature of 37°C. Figure 6.11 displays the release profiles 
of the nanohybrids in a solution at pH 7.5. It was discovered that the control (physical 
mixture) displayed a rapid release ofRhBB at 67.2 % after 27 hours, followed by a 
slower, gradual release through 300 hours. RhBB/PSS-LDH displays a gradual and 
biphasic release pattern while RhBB/PSS/PEG-LDH a triphasic pattern, in which after 40 
hours 30.89% and 12.65% was released respectively. The release pattern ofRhBB from 
the LDH nanohybrids is predominately due to the model drug's affinity to adhere to 
polymer and the electrostatic attraction between the negatively charged PSS adsorbed 
onto the positively charged LDH layers. The multivalent cationic behavior ofLDH 
displays a stronger attraction to PSS than PEG, therefore, restricting mobility of PSS and 
confining most of the RhBB within the PSS matrix. In initial phases of release following 
the initial burst, in RhBB/PSS/PEG-LDH only RhBB located near the surface of the 
composite is released. In the last phase, RhBB confined to the interior of the composite 
has had time to maneuver past the PSS matrix and glide through PEG. Because PEG is 
more polar than 13 .2% PSS, RhBB is released more easily from this matrix. This 
phenomenon may also be due to the fact that functionalizing LDH with PEG could 
increase its electrostatic affinity to the PSS, causing a slower release of RhBB when 
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compared to pure PSS-LDH alone. The multiphasic and slow release mechanism 
displayed by both RhBB/PSS-LDH and RhBB/PSS/PEG-LDH, of an initial burst effect 
and then a controlled dosage over a sustained period of time, is indicative of an efficient 
drug delivery vehicle for cancer therapeutics. 
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Figure 6.11. Drug Release ofRhBB from LOH nanohybrids over a 300 hour period; taken at pH 7.5 
552nm using UV-vis 
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6.5 Conclusion 
In this research study, NMR and FTIR were used to identify that RhBB/PSS-LDH and 
RhBB/PSS/PEG-LDH were successfully prepared using 13.2% PSS, which was 
previously determined as the most favorable degree of sulfonation for the sample set. 
XRD illustrated an increase in crystallinity and uniformity of the organic-clay structure 
with the addition of each component. The assembly of more stable organic layers on the 
LDH surfaces was a direct result of the complex hydrophobic alkyl segments. Overall, 
thermal stability for RhBB/PSS-LDH is maintained, while the addition of PEG enhances 
thermal stability in the composite. In addition, the multiphasic and slow release pattern 
displayed by RhBB/PSS/PEG-LDH over 300hours at pH 7 .5, is indicative of an efficient 
drug delivery vehicle for therapeutics. 
CONCLUSION 
Sulfonated polystyrene and polystyrene-LOH composites containing 8k, 20k, 30k 
or 45k PS, in addition to RhBB/PSS/PEG-LDH were prepared and analyzed using NMR, 
FTIR, XRD, DLS and/or TGA. Direct intercalation and templating were used to prepare 
the nanohybrids to study changes in properties as a function of polystyrene sulfonation 
level and molecular weight. It was determined that the method of preparation, e.g. 
templating and direct intercalation, have a significant impact on the resulting composite 
properties. FTIR can be used to determine the method of preparation where templating 
and direct intercalation are exclusively used. We are reporting that for samples 
containing sulfonated PS of base weight 8x 103 and 45x 103 gmol"1 non-covalently 
conjugated to LDH, 1H NMR can qualitatively predict the sequence of d-spacing and 
crystallinity in a sample set. Polystyrene sulfonated at 13.2% exhibited the most 
favorable properties for PSS-LDH composites used for potential biomedical applications. 
It had the smallest particle size (--4-0nm) near that of neat LDH and was the most 
thermally stable nanohybrid, and permitted incorporation of multiple compounds 
simultaneously. In general, polystyrene with high sulfonation and low molecular weight 
forms the most favorable nanocomposites with LDH. In addition, the multiphasic and 
extended release pattern displayed by RhBB/PSS/PEG-LDH with a slow drug release 




SUBMITTED MANUSCRIPT FROM A SEPARATE STUDY 
The following manuscript was an interdisciplinary approach to studying the 
fundamentals surrounding the formation of polymer nanocomposites, based on 
differences in the stereochemistry of the macromolecule. This work was submitted in 
October 2013 for publication in a peer reviewed journal. 
My primary contribution to this study was the thermal analysis of shifts in the 
glass transition temperature and heat capacity of each of the nanocomposites using 
differential scanning calorimetry (DSC). This includes the design of the depiction of the 
three different SWNT/polymer matrices. In addition, I was heavily involved in the 
determination of the stereochemistry for each polystyrene isomer using deconvolutions of 
the quaternary and methine carbons in 13C NMR. 
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Role of Polymer Stereoregularity on Nanocomposites of 
Polystyrene with Single-Walled Carbon Nanotubes 
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ABSTRACT: Significant enhancement of the physical and mechanical properties of 
polystyrene materials are 
accomplished with the addition 
of single-walled carbon 
nanotube (SWNT) nanofillers 
at low loadings. When 
determining composite 
formation, the geometry of the 
nanofiller is usually 
preferentially considered; 
whereas the three-dimensional 
spatial orientation of the repeat 
units or monomers is 
commonly neglected. This 
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theoretical and experimental methods to elucidate the effects of polystyrene 
stereoregularity on polymer/SWNT composite formation. Computational study and 
differential scanning calorimetry (DSC) show that isotactic polystyrene is most effective 
in complexing with the SWNT. At low SWNT content isotactic polystyrene 
nanocomposite is best depicted by matrix type-A with well dispersed SWNTs throughout 
the matrix. The atactic polystyrene is less effective in complexing with SWNTs and can 
be depicted by matrix type-C. At low SWNT content in matrix type-C there is significant 
agglomeration. Solution NMR spectroscopy and solid state 13C T1p data supports the 
computational and DSC results; thereby validating the formation of type-A and type-C 
matrices. The results also suggest that the isotactic polystyrene is a better charge donor to 
the SWNT compared to the atactic polymer. The spatial orientation of the repeating unit 
at the molecular level i.e. the stereoregularity of the polymer plays a significant role in 
the formation of nanocomposites. 
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INTRODUCTION 
Nanocomposites composed of single-walled carbon nanotube (SWNT) and polymers are 
an exciting area of materials research. '-5 The interest in SWNT as the nanofiller is 
attributed to its unique mechanical and electrical properties. Additionally, the high aspect 
ratio ofSWNTs permits desired property enhancements at very low concentrations. For 
effective property enhancements at low concentrations, the SWNTs need to be 
individually dispersed within the composite matrix. Electrically conductive composites 
with excellent properties have been obtained with SWNT loadings lower than 1 wt %.6-9 
However, SWNTs normally agglomerate into bundles within polymer matrices and thus 
to individually disperse the SWNTs, requires effective SWNT-polymer interactions.10-13 
Several studies on SWNT/polymer nanocomposites have investigated the effect of 
varying the type of components e.g. molecular weight of polymers, different polymer 
types such as block copolymer, nanofiller shape and size. However, to the best of our 
knowledge, the role of polymer stereoregularity on the formation of nanocomposites has 
not been studied. Polymer stereoregularity is a fundamental three-dimensional structure 
of most vinyl polymers. Stereoregularity can have a profound effect on the conformation 
of polymers and physical properties. 14-17 For example, syndiotactic 
polymethylmethacrylate has a glass transition temperature of 105 °c and that of the 
isotactic polymer is around 40 °c. 18 Therefore, it is important to understand the role of 
polymer stereoregularity on nanocomposite formation. This study is particularly relevant 
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because the dimension is in a size scale where changes in stereoregularity and 
conformation may affect the nature of the interaction between the polymer and SWNT. 
Nanocomposites composed of SWNT and polystyrene (PS) have been reported by 
several groups.6• 19•20 The studies have led to a solid understanding of the interaction 
between the SWNT and polystyrene as a function of molecular weights, weight fraction 
ofSWNT in the composites, and different processing methods. However, none of the 
studies considered the stereoregularity of polystyrene. The previous studies most likely 
utilized the most common form of polystyrene which is the atactic polystyrene. The 
atactic polystyrene has approximately equal meso (isotactic like) and racemo 
(syndiotactic like) dyads in the polymer. Furthermore, the meso and the racemo dyads are 
randomly distributed in the polymer chain. The three-dimensional spatial orientations of 
the meso and racemo dyads are shown in Figure A 1. In a purely isotactic and a purely 
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Figure Al. Meso and racemo dyads. 
Polystyrene was selected as the matrix polymer in this study because it has been 
extensively studied with respect to its stereoregularity and chain conformations. Isotactic 
polystyrene forms a helical conformation in the solid state.21 The helical conformation is 
either in the extended helical conformation with a non-staggered trans-trans conformation 
or three fold helical trans-gauche conformation. The conformation of isotactic 
polystyrene in the solid state is substantially different from the atactic polystyrene. 
Tchoul et at' conducted a study on the preparation and evaluation of the electrical 
conductivity ofSWNT-polystyrene composites. The study revealed that dispersion of the 
nanotubes was significantly affected by SWNT functionalization, resulting in dramatic 
shifts in the percolation threshold of conductivity. Grady et al.20 conducted a study on 
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how oxidized SWNT nanofillers change the dynamics of polystyrene around the glass 
transition. They concluded that at a high SWNT content, there was an increase in the 
change in the heat capacity at the glass transition; hence the SWNTs were participating in 
the molecular motion. 
In this paper, we report on a combined experimental and theoretical study of 
SWNT/polystyrene nanocomposite. Theoretically, we employed force field based 
molecular dynamics and density-functional calculations to understand the effect of 
stereoregularity of the polymer on the formation of the nanocomposite. In particular, in 
this report we have carefully compared the isotactic polystyrene/SWNT composite with 
the atactic polystyrene/SWNT composite. The relevancy of the computational results 
have been examined and tested with experimental data obtained by DSC and NMR 
methods. 
EXPERIMENTAL METHODS 
Materials. SWNT material in the form of a fibrous powder, of chirality (7, 6) and 
diameter range 0.7-1.3 nm was purchased from Sigma-Aldrich Co. LLC, St. Louis, MO. 
Syndiotactic and isotactic polystyrene was purchased from Scientific Polymer Products 
Inc., Ontario, NY. Syndiotactic polystyrene was received as pellets with a molecular 
weight (MW) of 3 x 1 os g/mol and the syndiotacticity was reported as 98%. Isotactic 
polystyrene was obtained in powder form having an MW of 4 x 1 os g/mol with a reported 
tacticity of greater than 90%. Atactic polystyrene was obtained from Aldrich and had a 
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reported MW of 4.4 x 104 grams/mot. All other materials were purchased from Sigma-
Aldrich and used as received. 
Preparation of the Oxidized SWNT-Polystyrene Composites. 
Preparation of oxidized SWNT: SWNT was lightly oxidized by nitric acid by the 
method reported in literature. 22 Raman spectroscopy was used to obtain the percent 
oxidation of the functional tubes used in composite formation. 20• 22 The percent oxidation 
was calculated according to the following equation: 
lo -x 100% 
IG , 
where /0 is the D-band integration at 1300 cm·
1 and Io is the G-band integration at 1590 
cm·1• Comparing pristine tubes to nitric acid oxidized tubes, the degree of 
functionalization was found to be approximately 6%. 
Preparation of the Composites: A bath-sonicated dispersion of lightly oxidized SWNTs 
was centrifuged and washed in l0mLdistilled H2O and l0mL MeOH several times. The 
SWNT was re-dispersed in 20mL of dimethyl formamide (DMF) and bath sonicated for 
60 min. Separate solutions each containing 100 mg of isotactic, syndiotactic, or atactic 
polystyrene were dissolved in DMF, allowed to stir overnight, and sonicated for 60 min. 
Both isotactic and syndiotactic PS were pre-dissolved in THF for facile processing. To 
prepare the composites, each PS solution was mixed with a SWNT solution containing 
0.25, 0.5, 1, 2, 3 or 5% mass of SWNTs relative to PS mass. Each sample was allowed to 
stir 60 min, sonicated 60 min, and then stirred overnight. The samples were precipitated 
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in 10-fold excess H2O stirring vigorously, filtered using PTFE membrane, washed with 
H20 and MeOH, then dried at l 10°C for one hour.20 
Carbon T1p Relaxation. Rotating frame carbon spin lattice relaxations (T1p) of solid 
samples were determined at room temperature in 500 MHz NMR instrument at a 
spinning rate of 5 kHz with 5 mm Zirconium spinner. A 4 µs 90° pulse sequence (p 1) was 
employed followed by variable durations. Typically, the spin locking pulse sequence was 
applied ranging from 0.001 ms to 5 ms (16 different pulses) to the samples within the 
expected range of relaxation time. The value of pulse power pl was used same as pl (= 4 
µs) for relaxation measurement purposes. The number of pulse sequences corresponded 
to the number of data points collected for the relaxation calculation. Relaxation data was 
directly fitted to a binomial equation using Bruker topspin analysis software. 
Instrumentation. Ultrasonification was performed using a Fisher FS-30 160W. 
Differential Scanning Calorimetric analysis was conducted under nitrogen using a TA 
Instrument Q2000 with Tzero hermetically sealed lids and pans. Solution NMR spectra 
were obtained using a Bruker 500 MHz nuclear magnetic spectrometer using deuterated 
solvent chloroform. 
Sample Preparation and Measurement. For each pure polymer sample, 13C NMR 
spectra were obtained in deuterated chloroform at room temperature using a solution of 
3-5 mg of polymer in 0. 75 ml of solvent. The 500 MHz I H-NMR spectra of SWNT-
polymer solutions were also carried out in chloroform (deuterated) at room temperature. 
The changes in chemical shift for the aromatic protons of the polystyrene as a function of 
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SWNT were detennined relative to the chlorofonn peak at 7.29 ppm. Each sample was 
run three times and the average change in chemical shift was detennined. Pure polymer 
samples and composites were placed in DSC Tzero pans as a thin layer of powder for 
equal distribution. To produce good sample-pan contact a pre-melt step was ramped up to 
250 °C, held for five minutes and cooled at 30 °C per minute. Only 1-2 runs were 
necessary to reach a limiting constant value for the Tg. For all samples, the sample sizes 
did not exceed 3-5 mg. Glass transition temperature and changes in heat capacity (8Cp) 
measurements were obtained using steps previously reported20 including a heating ramp 
rate of 10 °C/min and cooling ramp rate of 60 °C/min from a fully melted sample. 
COMPUTATIONAL METHODS 
First-principles calculations based on dispersion-corrected DFT was employed to 
describe interactions between the polystyrene and SWNTs. Perdew- Burke--Ernzerhof 
(PBE) parametrization of exchange correlation was used with a double numerical with 
polarization function (DNP) basis set as implemented in DMol3.23 The general gradient 
approximation (GGA) results were subsequently rectified through the inclusion of a 
dispersion correction effect. Tkatchenko-Scheftler (TS) dispersion correction accounts 
for the relative variation in dispersion coefficients of differently bonded atoms by 
weighting values taken from the high-quality ab-initio database with atomic volumes 
derived from partitioning the self-consistent electronic density. The TS scheme exploits 
the relationship between polarizability and volume. The optimization of the atomic 
position was perfonned with convergent forces less than 0.01 eV/A. The change in the 
energy was less than 3 x 10--4 e V per unit cell. 
RESULTS AND DISCUSSION 
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The present work utilizes a combination of force-field based molecular dynamics and 
density-functional calculations, as well as experimental approaches to investigate the 
effect of stereoregularity of polystyrene on SWNT/polystyrene nanocomposite formation. 
Calculations were performed on purely isotactic, atactic and syndiotactic polystyrene to 
detennine which polymer has the stronger affinity for interacting with the surface of 
SWNT. Each model was composed of twelve monomer units. The isotactic and 
syndiotactic models consisted of purely all meso orracemo dyads, respectively (see 
Figure A 1 ). The atactic polystyrene has a random distribution of meso and racemo dyads. 
The dispersion of the SWNTs within the different polystyrene (isotactic, atactic, and 
syndiotactic) matrices were studied by solution and solid-state state NMR spectroscopy, 
and differential scanning calorimetry (DSC}. The surface ofSWNT is hydrophobic and 
inert in nature. These properties were not favorable for producing a polymer 
nanocomposite with the SWNT as nanofillers.20 In order to improve the interaction of 
SWNT with the polystyrene, the SWNTs were functionalized using nitric acid 
oxidation.22 
Theoretical results demonstrate that the semi-rigid aromatic polymer backbone has 
certain flexibility to adjust its conformation during successive helical wrapping. The first 
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sets of calculations were carried out using pristine SWNTs. Among the three tacticities 
shown in Figure A2, it was observed that isotactic polystyrene forms the lowest energy 
complex. The calculated binding energies listed in Table Al revealed atactic/SWNT as 
the second most stable complex and the syndiotactic polystyrene/SWNT as the least 
stable. The oxidation of SWNT further stabilized interaction of both isotactic and the 
atactic polystyrene with the SWNT, while the binding between the syndiotactic and the 
SWNT remains the same. Oxidation increases the polarity of the SWNT resulting in an 
increase in the dipole-dipole interaction between the two components. The binding 
energy data suggest that the isotactic polystyrene is more effective in interacting with the 
SWNT. This is very interesting because the only difference between the isotactic and the 
atactic polymers is the spatial orientation of the repeat units. The stereoregularity in turn 
plays a role in the overall polymer confonnation. Therefore, a plausible explanation may 
be that because the isotactic polystyrene fonns an extended helical conformation, it may 
be in the most favorable orientation to wrap around SWNTs. 
Atactic Isotactic Syndiotactic 
Figure A2. Predicted conformation for the complexes of polystyrene and SWNTs. 
120 







lsotactic -237.09 -236.83 
Atactic -229.10 -228.97 
Syndiotactic -228. 12 -228.12 
Polystyrene stereoregularity 
The stereoregularity of the polymers were detennined by 13C NMR spectroscopy. The 
500 MHz 13C NMR spectra of the quaternary carbon of the isotactic and atactic 
polystyrenes are shown in Figure A3. The isotactic polymer displays one strong peak at 
146.2 ppm and the atactic polymers displays five peaks indicating pentad resolution. The 
peak at 146.2 observed for the isotactic polystyrene is assigned as the mmmm pentad. 
Considering that there is only a single peak observed for the quaternary carbon, it could 
be concluded that the polymer is almost 100% isotactic. 
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Figure A4. Pentad assignments of quaternary carbon peaks obtained by deconvolution. 
The pentad stereochemical assignments for the atactic polymer are shown in Figure A4. 
The assignments were obtained by deconvolution of the quaternary peak shown in figure 
A3. These assignments were made by comparison with the isotactic polymer and 
previously published stereochemical assignments25• The peak at 146.2 ppm was assigned 
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to the mmmm pentad and the other four observed peak regions were assigned to pentads 
as listed in table A2. Furthennore, the observed pentad intensities for the atactic polymer 
matched well with Bernoulli calculations, also listed in table A2. The Bernoulli 
calculations were carried out using Pr value of 0.4. The Pr value was determined using 
the quaternary carbon mmmm pentad of the atactic polymer. The NMR analysis confirms 
the isotacticity and atacticity of the two polymers used in this study. 
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Thermal Studies 
The glass transition temperatures of the pure polymers and the polystyrene/SWNT 
nanocomposites are listed in Table A3. The DSC thermograms of isotactic 
polystyrene/SWNT nanocomposites are shown in Figure AS. The observed Tg values of 
the pure atactic-PS, syndiotactic-PS, and isotactic-PS were in good agreement with 
previously reported values of~ I 00, ~95, and ~90 "C, respectively.2
5 
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It is interesting to note that the glass transition temperature of the atactic polystyrene 
decrease initially and reaches a plateau with 0.5% weight SWNT content. This 
observation is in conformity with the observation of Koning et al. that there is a slight 
decrease in Tg for PS-SWNT composites.26 We attribute the slight decrease to the initial 
plasticization of the polymer by the SWNTs. 
Table A3. Glass transition temperature (T g) of the pure polymers and the 
polystyrene/SWNT nanocomposites. 
% SWNT Atactic lsotactic Syndiotactic 
0 102.9 90.9 97.8 
0.25 98.3 98.4 
0.5 99.8 100.5 100.2 
99.5 100.2 100 
2 98.9 190.8 99.8 
3 100.1 99.9 99.9 
5 99.8 100.4 98.3 
With additional SWNT, larger agglomerates fonn, without affecting the segmental 
motion of the polymer chains. These agglomerates can be viewed as small distinct 
domains, which do not affect chain mobility. The isotactic polystyrene shows quite 
different thennal behavior. As the SWNT content is increased in the isotactic polymer, an 
increase in the Tg of the isotactic polystyrene/SWNT composite is observed. The glass 
transition temperature increases from 91°C to 100.5 °C as the SWNT content is increased 
to 0.5%. Further increase in the SWNT content does not change the Tg, The glass 
transition temperatures of the syndiotactic polystyrene composites are also relatively 
unaffected on increasing SWNT. The Tg of the syndiotactic polystyrene slightly increases 
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to 100 °C at 0.5 %SWNT content and further increase does not affect the glass transition 
temperature. The magnitude of ~Cp at the glass transition temperature for the isotactic 
polystyrene/SWNT composites increases as the SWNT content is increased. For the pure 
isotactic polystyrene the ~Cp is 0.27 J/g°C. As the SWNT content is increased in the 
isotactic composite, the ~Cp increases with increasing SWNT content and reaches a value 
of 0.43 J/g°C at 1 % by weight SWNT (see Figure A6). The increasing change in the 
change in the heat capacity suggests that at the glass transition temperature segmental 
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Figure AS. DSC thermograms of isotactic polystyrene/SWNT nanocomposites. a) pure 
isotactic polystyrene b) 0.25 % SWNT c) 0.5 % SWNT d. 1 % SWNT. 
The increase in glass transition temperature and in the change in heat capacity indicates 
that the isotactic polymer has the best ability to interact with the SWNT in the 
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nanocomposite. Therefore, both computational and experimental results suggest that the 
isotactic polystyrene is most effective in interacting with the SWNT. The pictorial 
depiction of the addition of the SWNT to polystyrene is shown in Scheme Al. As SWNT 
is added to the polymer, if the polymer has the ability to interact well with the SWNT, 
SWNT/polymer complexes are formed as depicted in type-A matrix. The complexation of 
the polymer with the SWNT results in the formation of a psuedo-crosslinked matrix 
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Figure A6. The i\Cp of isotactic polystyrene/SWNT nanocomposite as a function of 
nanotube content. 
In the isotactic polymer/SWNT matrix two or three polymer chains perhaps interacts with 
one SWNT resulting in pseudo-crosslinking. This type of pseudo crosslinking is observed 
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in certain polymer/salt systems27"28 because of ion-dipole interactions. Further addition of 
S WNT to type A matrix results in agglomeration of the SWNT as the capacity of the 
polymer to interact or complex with the nanofiller is saturated. Any additional SWNT 
past this point agglomerates and can be depicted as shown in type B. Therefore, the 
additional SWNT, greater than past 0.5% to 5%, simply forms agglomerates which do not 
interact with the polymer chains i.e. the glass transition temperature is unchanged. This is 
exactly the observation for the isotactic polystyrene/SWNT composite. If the polymer 
does not interact well or complex effectively with the SWNT, even at low SWNT 
contents, the SWNT will mostly likely start aggregating and a type-C matrix will form. 
Therefore, a plasticization effect may be observed at low SWNT content. Further, 
increase in SWNT will result in agglomeration and hence after the initial plasticization, 
the glass transition will not be affected. This type of behavior is observed for atactic 
polystyrene/SWNT composite. From the thermal studies we can conclude that the 
isotactic polystyrene interacts better and is effective in complexing with the SWNTs 
compared with the atactic polystyrene. 
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The band structures for the isotactic and the atactic polystyrene wrapped SWNT are 
shown in Figure A 7. The computational results show that the phenyl group of the 
polystyrene is the donor, and such donation should results in a decrease in the 1t-electron 
density of the aromatic ring. This decrease in the 1t-electron density may result in 
deshielding of the aromatic protons as the aromatic protons may shift downfield.29 
Computational studies suggest charge transfer interaction between the polymers with the 
SWNT. The flat bands represent the non-interacted (non-dispersed) polystyrene polymer 
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molecular levels with SWNT. As a result of the charge transfer from the polymer to the 
SWNT, flat bands near Fermi level disperse. In the isotactic band structure (Figure A7), 
the flat band has lower energy than the atactic band structure. The flat band regions are 
highlighted by red brackets in Figure A 7. This indicates that there are more polymer 
molecular levels interacting with SWNT in isotactic polystyrene compared to atactic 
polystyrene. The isotactic polymer is a better charge donor to the SWNT compared to the 
atactic polymer. It has been shown earlier in a poly(2-methoxystyrene)/graphene 
composite, the polymer backbone serves as charge donors to graphene resulting in the 
doping of graphene.30 
The 500 MHz 1H-NMR spectra of a SWNT-polymer chloroform (deuterated) solutions 
show changes in chemical shifts as a function of increasing SWNT. The observed 
changes in ppm as a function of SWNT are shown in Figure AS. The change in chemical 
shifts (o) was detected with respect to the chloroform peak at 7 .29 ppm. As the SWNT 
content is increased in the isotactic polystyrene solution, a slight downfield movement of 
the aromatic protons is initially observed. However, when the SWNT content is 1 %, the 
protons shift upfield. A similar plot is also shown for the atactic polymer, which only 
shows upfield shifts. The observed trends were interesting and consistent with the 
computational and DSC results. The downfield shift of the isotactic polymer is fairly 
small but these are in the solution state where you may have association and dissociation 
of the polymer and the SWNT taking place. But the fact that a downfield shift is observed 
even in solution suggests that isotactic is better able to complex with the SWNT and act 
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as a charge donor. The downfield shift reaches a maximum at around 0.5% SWNT. It is 
interesting to note that at l % SWNT content both the isotactic and the atactic polymers 
show the same upfield chemical shift. This may be rationalized as before, that when the 
capacity of the isotactic polymer is saturated, any additional SWNT will agglomerate and 
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FigureA7. Calculated band structures for (a) isotactic-polystyrene wrapped swnt, (b) 
atactic-polystyrene wrapped SWNT. r = (0) and Z = (,r/2a), where a = 47.5 A. The 
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Figure AS. Change in chemical shift (o) for the aromatic protons of polystyrene as a 
function of SWNT content. 
Rotating frame 13C T1p spin lattice relaxation on the nanocomposites complements the 
computational, thermal (DSC) and solution NMR studies. The 13C T1p values are listed in 
Table A4. The spin lattice relaxation of the isotactic polymer increases on increasing the 
SWNT content until 1 %. Increasing the SWNT content in the isotactic polymer, yields an 
increase in 13C Ttp• The increase in the relaxation time is most likely due to the formation 
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of the pseudo crosslinking in the isotactic system and the decrease in the relaxation time 
for the atactic polymer is consistent with initial plasticization on addition of the SWNT. 
Table A4. 13C Ttp Spin lattice relaxation of isotactic and atactic polystyrene/SWNT 
composites 
% SWNT Atactic (ms) lsotactic (ms) 
0 2.50 2.15 
0.25 2.10 2.19 
0.5 2.09 2.26 
1.60 2.43 
Computational, thermal (T g) and change in heat capacity), solution and solid state NMR 
results strongly suggest that the isotactic polystyrene is better to disperse SWNT within 
its matrix compared with the atactic polymer. 
CONCLUSION 
Our results demonstrate that stereoregularity of polystyrene plays an important role in the 
formation of polystyrene/SWNT nanocomposites. Theoretical and experimental methods 
strongly suggest that the isotactic polystyrene is more effective in interacting with the 
SWNT compared to the atactic polystyrene. At low SWNT contents(< 1%), the SWNT is 
well dispersed within the isotactic polystyrene and forms a pseudo-crosslinked composite 
matrix. Due to the formation of the pseudo-crosslinked composite matrix, the glass 
transition temperature of the isotactic polymer composites increases with increasing 
SWNT content. The nanocomposite can be depicted as type-A matrix. On the other hand, 
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even at low SWNT contents(< I%), the atactic polystyrene/SWNT composite may be 
depicted by type-C matrix where the SWNT forms agglomerates since the interaction 
between the atactic polymer and SWNT is not as effective. Therefore, the spatial 
orientation of the polymer repeating unit at the molecular level plays a significant role on 
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